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Abstract  
       Reducing water requirements in thermoelectric power plant is a major concern 
specifically with increasing global warming negative impact on the environment. 
Furthermore, adding post-combusting-carbon capture unit (PCCC) doubles the amount of 
water usage through cooling system as has been reported in the literature. Natural gas 
combined cycle (NGCC) is one of the solutions to reduce water requirements and CO2 
emission to the half of its amount in the coal-fired power plant. In the present Ph.D. study, 
two novel investigations have been performed to decrease water curtailment in the cooling 
system and its impact on plant performance. The first investigation is involved studying 
the effect of using four different hybrid cooling system configurations on water 
requirements and power penalty of a NGCC power plant equipped with (PCCC). The based 
630 MWe power plant has been validated with NETL report 2015 and the validation has 
been performed properly for both cases with and without (PCCC). The configurations 
include an ACC (Air Contact Cooler)-CT (Cooling Tower) in parallel hybrid cooling 
system (ACTD), a ACC-CT in series hybrid cooling system (ACTS), direct ACC-wet 
cooling in parallel hybrid system (DACW), and an indirect air-CT parallel hybrid cooling 
system (IDACT). It has been shown that IDACT design has the better performance in term 
of water saving and power penalty reducing when PCCC is not equipped with the plant 
while with integrating PCCC, IDACT is the best in term of penalty reducing while water 
usage amount is not the lowest between all the proposed hybrid systems. IDACT design 
performance has been compared with all the other conventional cooling systems; once-
through, closed loop, dry direct and indirect dry cooling systems for both cases with and 
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without PCCC. One interesting finding is that integrating PCCC adds small amount of 
water to the water system by condensing in the direct contact cooler (DCC) of the gas fuel 
cooling system before the absorber and in the CO2 condenser after the stripper by which 
the net water usage in the plant could be reduced.  
       The second investigation of this Ph.D. work is related to develop an optimization 
model to reduce water requirements in once-through and hybrid indirect dry and wet 
cooling systems of a NGCC power plant equipped with PCCC. For the once-through 
cooling system, condition data of Catamaran Brook river, Canada, 1992 have been 
implemented in the model to calculate the initial and the reduced optimized mass flow rate 
while for the hybrid cooling system, sensitivity analysis and parametric study have been 
performed as a bases for the optimization model. Air to Water ratio, humidity content, air 
ambient wet bulb temperature, and cycles of concentrations at three different wet system 
cooling load split factors have been studied regarding their effect on water withdrawal and 
consumption. The three wet cooling system split factors are 40%, 60%, and 80%. When 
PCCC is being integrated, capture rate and reboiler duty effect on plant net condenser duty 
and power penalty have been investigated. Results show that increasing air to water ratio 
increases water withdrawal and consumption in the cooling system exponentially while 
increasing wet bulb temperature and humidity content reduces water withdrawal and 
consumption in the cooling system almost linearly. Water usage is changing adversely with 
cooling tower outlet temperature meaning that the change in water withdrawal and 
consumption leads to an opposite change in tower outlet temperature. An interesting 
finding is that after wet system cooling load split factor be equated to 60%, there would be 
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no significant change in the water usage amounts. In addition, as number of cycles of 
concentrations change adversely and exponentially with water requirements, after number 
of cycles of concentration be equated to (5-6) cycles, the reduction in water withdrawal 
and consumption is inconsiderable. When PCCC is being integrated, it has been found that 
reboiler duty and carbon capture rate affect directly the plant net cooling duty and power 
penalty as being expected.    
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Introduction. 
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1.1. Introduction.  
       The water availability issue has become a critical problem that global governmental 
institutions have been working to solve it, especially with the added dimension of the 
negative impact of global warming and climate change. The most inextricably linked factor 
to water availability is energy, wherein this tight relationship is called the water-energy 
nexus. Approximately 10% and 3% of total global water withdrawal and consumption are 
accounted for power generation, respectively [1]. 50% of the water withdrawal in Europe 
and the U.S is used primarily as cooling water in the energy sector [2], while 84% of the 
withdrawal is utilized for power generation in thermoelectrical power plants [3]. In 
addition, the gap between water demand and energy supply has a negative impact on water 
vulnerability and increased water stress, particularly in regions that suffer from water 
scarcity. Water that is being used in power plants is utilized in the form of withdrawn or 
consumptive water. Water withdrawal represents the water that is taken from a water 
source and 98% of it is returned to its source after being used for cooling in power plants. 
This water associates with about 41 % of the total U.S. water withdrawal. On the other 
hand, consumptive water is the water that is lost because of evaporation, blowdown, etc. 
and will not be available for using it again. This water represents 3% of the total U.S fresh 
water [4]. Figure 1.1 illustrates water demand among the most important sectors in the U.S. 
as reported by NETL [5].  
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Figure 1.1. Water demand distributed among most important sectors in the U.S [5]. 
 
       Hejazi et al. [6] used the Global Change Assessment Model (GCAM) to assess future 
water demand in different sectors, regionally and historically; like, irrigation, primary 
energy production, industrial and municipal, etc. Hejazi’s result show that the Middle East 
and India are in the highest level of regions suffering water scarcity in the short term 
because of climate change and global warming. Diehl and Harris [7] calculated the total 
water withdrawal and consumption for 1,290 thermoelectric power plants in the U.S. in 
2010 by using heat-and-water budget models which used simulated thermodynamics over 
a reasonable time period. Their result show that 129 Billion gallon per day (Bgal/d) is the 
total water withdrawal amount for these plants and 3.5 Billion gallon per day is their total 
water consumption (Bgal/d). It was reported that the total withdrawal amount is 24% lower 
than the reported amount by the Department of Energy (DOE) and the Energy Information 
Administration (EIA), while the total consumption is 8% higher than the reported total 
7 
 
consumption by (EIA) in 2010.  Grubert et al. [8] evaluated water intensity of the coal and 
natural gas life cycle in Texas at three stages: fuel extraction, plant cooling, and plant 
emissions. In addition to its lower price, the water intensity for extracting natural gas fuel 
is lower than the intensity of extracting the coal fuel. Furthermore, switching from coal to 
natural gas reduces the used fresh water by about 60% because of the high efficiency that 
involves natural gas combined (NGCC) power plants.  
       One of the factors that affect the total amount of water usage in power plants is adding 
carbon capture unit (PCCC). This type of system doubles the total amount of water that is 
used during the operation of the power plant, whether for cooling or for other water make-
up purposes [9]. Carbon dioxide (CO2) emissions from power plants represent the major 
greenhouse gas (GHG) that affect global warming negatively [10]. Thus, adding a carbon 
capture unit to a power plant is necessary to avoid this negative impact on climate change. 
The amount of carbon dioxide emissions emitted from power plants depends on the type 
of the plant. NGCCs generate about half the amount of CO2 emission that is being 
generated by coal fired power plants, in addition to, its high Low Heating Value (LHV) 
efficiency compared to a coal fired power plant, is larger, reaching about 60% efficiency.  
NGCC is considered one of the most promising plants specially in developing countries 
[11]. Therefore, in terms of water saving and CO2 emission mitigation, NGCC is one of 
the options that can be used. Recently, number of modifications have been developed for 
energy and mass recovery from wasted heat and fluid streams from power plants that lead 
to increased power efficiency and decreased GHG from these plants.  
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       Laurenzi and Jersey [12] used field data from Exxon Mobile’s Marcellus Gas to assess 
the footprint of greenhouse gases and its related water consumption in power generation 
processing by using a Life Cycle Assessment (LCA) method, where two statistical 
approaches were used.  This approach takes the average value for all process data and 
variables and uses a Monte Carlo simulation for all the possible environmental impacts of 
Marcellus gas-based power plant. It was shown that the footprint of gas emissions and its 
associated water consumptions for Marcellus gas-based power plants are about half the 
footprint of these amounts for the coal-fired power plants. As a result, it has been suggested 
that switching from coal to Marcellus gas plants would be an efficient way to save water 
and reduce gas emission. Yang Ou et al. [13] conducted research regarding the effect of 
different levels of CO2 capture on water use and process life cycle of both coal-fired power 
plants and natural-fired power plants. Yang Ou’s finding is that adding a PCCC increases 
the water use life cycle remarkably a compared to a plant without PCCC. 
1.2. Motivation for using NGCC to reduce water requirements and CO2 emission 
       As it was mentioned above, NGCC produces about half the greenhouse gases 
emissions of a coal-fired power plant [14].  Additionally, the water processed through 
power generation in a NGCC power plant is less than the comparable processed water 
through other types of plants, as t has been concluded in  a NETL report in 2009 [15], 
where comparative results show that the total amount of water withdrawal that is being 
used by NGCC is less than that in IGCC (Integrated Gasification Combine Cycle) and coal-
fired power plants, with and without PCCC as being shown in Figure 1.2.    
9 
 
Figure 1.2. Water withdrawal for different types of power plants w/wo PCCC [15]. 
 
       The advantages of NGCC make this type of power generation option one of the most 
promising plants for generating the electricity with a low carbon footprint in near future 
specially in developing countries. Technical and economic analysis of NGCC shows that 
using this plant to generate power is more reliable and with a good cost per kWh as 
compared to other renewable energy resources, which have the issue of intermittence due 
to their nature. Recent development in techniques like mass and heat integration systems 
in power plants (to be used as waste energy recovery systems) increases the 
abovementioned feasibility for NGCC with integrating PCCCs. 
1.3. CO2 capture (CC) unit and water requirements.  
       PCCC has number of stages through the process of CO2 capture that require a 
considerable amount of water in comparison to the total water usage in the power plants. 
Statistical data from a field study show that adding a CO2 capture system to a power plant 
10 
 
would increase total water use by up to 90% [16]. This is likely caused by a reduction in 
power plant efficiency because of the new heat requirement for CO2 capture as well as the 
additional cooling water that is required for the CO2 chemical capture process and 
compression. For instance, a post-combustion amine-based carbon capture system requires 
a large amount of water during the process of CO2 sorption. This water is used in different 
forms: as a washing or cooling water, in flue gas and lean solvent cooling, solvent 
reclaimer, reflux condenser and absorber inter-cooling, and eventually CO2 compressor 
inter-stage cooling. On the other hand, adding a carbon capture system reduces the water 
requirement in a number of stages in the plant. For example, solvent regeneration requires 
steam extraction by which the steam turbine condenser water is reduced. In addition, water 
can be recovered by condensing the CO2, and this would reduce and offset the total 
evaporated water [17]. However, adding a PCCC to a thermal power plant as a scenario for 
mitigating climate change would restrict global warming temperature by 2 oC in 2100 and 
increase the demand on fresh water by 60% comparing it to scenarios that do not consider 
the impact of carbon capture in the final strategy [16].  Figure 1.3 shows a comparison of 
water withdrawals for different power plant types with and without PCCC [17].   
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Figure 1.3. Water withdrawal versus different power plants with and without PCCC [15]. 
 
1.4. Carbon capture and storage technologies - overview 
       PCCC technologies are categorized based on structure and location in the plant into 
three categories: post-combustion, pre-combustion and oxy-combustion PCCC. There are 
three factors that affect selecting those technologies according to the abovementioned 
category: gas steam pressure, fuel type and the concentration of CO2 in the gas steam [18].   
       Post-combustion PCCC uses a physical or a chemical process to separate CO2 in the 
flue gas. Amine – based PCCC is a process that uses a solvent to separate CO2. Pre-
combustion process is one promising technology that is related to Integrated Gasification 
Combined Cycle power plant (IGCC).  In this technology, fuel is gasified by reacting with 
oxygen or air to generate what is called q syngas. Syngas is a mixture of CO2 and hydrogen 
(H2). Then syngas then reacts with steam in a catalytic reactor to break the bond between 
CO2 and H2. Eventually, CO2 will be separated by using a type of absorbent, and H2 will 
be introduced in a suitable manner to be used in the industry sector [19]. Oxyfuel-
12 
 
combustion technology is the one that can be retrofitted with fossil fuel power plant 
whether a new or with existing units. First, oxygen is separated from air and purified in a 
separation unit. Then the oxygen is diluted and blown to a combustion chamber to be mixed 
and reacted with the fuel gas to generate a mixture of CO2 and condensable water vapor 
that eventually can be simply separated through a compression process [18]. Figure 1.4 
presents a simple schematic that shows the block flow of the three carbon capture 
technologies.    
 
Figure 1.4. Schematic showing carbon capture approaches: pre- and post-combustion 
technologies for carbon capture [18]. 
 
1.5. Amine – based post-combustion PCCC and its water requirement. 
       CO2, in amine-based carbon capture systems, passes through a number of stages to be 
captured. First, flue gas goes through a direct contact cooler (DCC) to reduce the 
temperature of the flue gases to 45-50 oC before entering the absorber. This temperature 
reduction is necessary because of the exothermic chemical process of the amine with CO2 
should happen at low temperatures to avoid amine losses by evaporation. Amine absorbs 
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most of the CO2 in the absorber, water is needed to wash the solvent from the CO2 loaded 
gases and other impurities which exhaust from the absorber to leave a rich CO2-solvent 
that gets out the absorber toward the striper.   Heat must then be applied to break the bond 
of the compound in the striper to separate CO2 from the solvent. The rich solvent passes 
by a gas/gas heat exchanger before the CO2-solvent compound enters the striper. This heat 
exchanger is used to exchange heat between the hot solvent that turns back from the striper 
after CO2 separation and the cooled and stable CO2-solvent compound entering the striper. 
Finally, CO2 is separated in the striper by applying heat coming from a reboiler that uses 
low-pressure steam which is being extracted from the turbine steam cycle. The separated 
CO2 goes through a compressor to be sent to its final disposal facility. Moisture content of 
the compressed gas must be condensed to avoid any corrosion in the pipeline by which 
CO2 is transferred to its final storage [20]. Thus, water is required in a number of stages in 
the PCCC; solvent washing in the absorber, cooling the lean solvent that comes from the 
stripper, in the DCC and in the CO2 compressor. On the other hand, water is produced by 
condensing in the DCC and in the CO2 compressor.     
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Figure 1.5. Process schematic of amine-based post-combustion CO2 capture, showing 
water in/out of the process [19].    
 
1.6. Cooling systems types in power plants 
       The major percent of water that is used in power plants is the water that is processed 
through the cooling system, where 80% of the water is withdrawn and 86% is consumed 
[4]. Cooling water in power plants is used to condensate steam that exhausts from the steam 
turbines or to reject heat that is generated through other processes such as flue gas 
desulfurization and carbon capture. 
       Cooling systems are categorized according to the cooling fluid medium or to the 
cooling method into four categories [20] [21] [22]: once-through cooling system, wet 
cooling system, dry cooling system, and hybrid cooling system.    
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1.6.1. Once-through cooling system. 
        This type of cooling system is considered the simplest cooling system in power plants 
[21]. This system is also called Open-Loop cooling system according to the method of 
cooling that is being utilized in the system [22]. In this system water is withdrawn from the 
source to be used in the power plant for cooling or for other processes and turn back to the 
source after completing the cooling process. Two advantages of the once-through cooling 
system that make this method of cooling highly effective are, its low cost as compared to 
other types of cooling methods and the simplicity of the concept. On the other hand, once-
through cooling systems have a negative impact on the ecological system and aquatic life 
[22]. This negative impact comes from the increase in temperature of the outlet water 
stream from the power plant that goes to oceans, rivers, or whatever the source of water is, 
leading to an increase in the temperature of the water source and consequently, causing 
what is called “thermal pollution” [21]. 
1.6.2. Wet cooling system.   
       Closed-Cycle-Loop system is the other name for th type of wet cooling system [21]. 
In this system, water is recycled instead of withdrawn from its source. However, a small 
amount of water is lost because of evaporation in a cooling tower. Thus, this amount must 
be made up from the original water source as a water consumption. Therefore, the 
consumed water in the wet cooling system is much smaller than in once-through cooling 
system. However, the consumed water is more than the amount of water condensed in the 
once-through cooling system. Additionally, the structure of this system is more expensive 
and complex than the once-through cooling system. There are two types of wet cooling 
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towers: mechanical draft cooling tower, where air is drafted through the tower 
mechanically by using a fan whether at the entrance of the tower to push air or at the exit 
of the tower to pull air; and natural draft where air is drafted naturally because of density 
changes in the tower [20]. In fact, a natural draft cooling tower is more dependent on the 
structure and height of the tower.  
1.6.3. Dry cooling system. 
       This type of cooling system uses air as the cooling medium, and it is also called air 
cooling system. In this cooling system, the hot steam exchanges heat with the cooling air 
in the condenser and heat is rejected with the exit air to the environment without any 
evaporative losses. Therefore, this type of cooling system withdraws or consumes no water 
during the process of cooling. Although this type of cooling system is efficient in term of 
water saving, this cooling system has number of disadvantages. First, its cost is very high 
as compared to other types of cooling systems, as a result of using larger structures than 
the other types of cooling systems to achieve the same cooling duty. Secondly, the cooling 
efficiency for air cooling systems is lower than closed and open loop cooling systems 
because the heat capacity of air is lower than the heat capacity of water [20]. Finally, this 
type of cooling system consumes more power from plants by which the net efficiency of 
the plant decreases. Two types of dry cooling systems are used in power plants depending 
on the structure of the cooling system: indirect dry cooling system, where steam that comes 
from the turbines is cooled first in a direct contact cooler (DCC) or sprayed condenser, and 
then it is sent to the air heat exchanger to get its final cooling by using air as a medium.  
The second type of these systems is the direct contact cooler where steam that comes from 
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the turbines is sent directly to finned tube air-cooled condensers or air contact coolers 
(ACC) to be cooled directly [20].   
1.6.4. Hybrid cooling system.  
        In this concept, both of a wet cooling system and a dry cooling system are connected 
in a specific design to be used for cooling. This connected structure is more beneficial and 
viable than setting a dry cooling system or wet cooling system alone. This concept is 
attractive because of the disadvantages of both dry and wet cooling systems. A wet cooling 
system alone leads to increased water consumption by which water stress is increased 
specially in dry weather conditions and, eventually, has a negative impact on the 
vulnerability to water scarcity. On the other hand, dry cooing systems have lower efficiency 
and higher costs than other types of cooling systems. Thus, to avoid both vulnerability to 
water scarcity and deficiency of dry cooling system, hybrid cooling systems are introduced 
to take advantage of the benefits of the individual cooling systems.  
1.7. The purpose of the present study and Ph.D. dissertation.     
       The main purpose of the present Ph.D. study is to investigate the effect of using 
different cooling system configurations on water withdrawal and consumption, and power 
penalty for a NGCC plant, with and without integrating carbon capture.  Additionally, 
another objective of this study is to develop an optimization model to carry out a sensitivity 
analysis on the impact of process variables on water requirements. The subtasks of the 
present Ph.D. dissertation work can be summarized as follow:  
1- Investigate the effect of different cooling systems on total water usage and power 
penalty of a NGCC power plant. The cooling systems which were studied in this 
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work are: once-through cooling system, wet cooling system, dry cooling system, 
and hybrid cooling systems. The effect of adding PCCC to a NGCC plant on water 
usage was also investigated.  
2- Four different configurations of the hybrid cooling configuration were analyzed on 
their effect on total water usage and power penalty. These configurations include a 
ACC (Air Contact Cooler)-CT (Cooling Tower) in parallel hybrid cooling system 
(ACTD), a ACC-CT in series hybrid cooling system (ACTS), direct ACC-wet 
cooling in parallel hybrid system (DACW), and an indirect air-CT parallel hybrid 
cooling system (IDACT). 
3- Develop an optimization model to minimize water requirement for once-through, 
and hybrid cooling systems. The novelty of this approach consists of including the 
effect of adding a PCCC to the model. Furthermore, a thermo-algorithm was to 
solve the optimization model.   
4- Perform a sensitivity analysis to asses he impacts of ambient conditions and cycles 
of concentration on water consumption and withdrawal of the hybrid cooling 
system, including the effect of adding a PCCC. The impact of reboiler duty and 
carbon capture rate on condenser cooling duty, water usage and power penalty were 
also investigated. 
5- Investigate two novel PCCC-solar assisted unit in terms of water usage and power 
penalty.  
 
 
19 
 
1.8. References.  
[1] IEA, 2016 a, Water Energy Nexus, Excerpt from the World Energy Outlook 2016. 
OECD/IEA International Energy Agency, France, P, 13.  
[2] EEA, 2009. Water Resources Across Europe; Confronting Water Scarcity and Drought. 
European Environmental Agency, Copenhagen.   
[3] Qin, Y., Curmi, E., Kopec, G.M., Allwood, J.M., Richards, K.S., 2015, China’s Energy-
Water Nexus- Assessment of the Energy Sector’s Compliance with the “3 Red Lines”, 
Industrial Water Policy. Energy Policy, 82, 131-143.  
[4] Bridget R. Scanlon, Robert C. Reedy, Ian Duncan, William F. Mullican, and Micheal 
Young, 2013, Control on Water Use for Thermoelectric Generation: Case Study Texas, 
U.S., Environmental Science & Technology. (47), 11326-11334.    
[5] Shuster E., & Hoffman J., (2009), Water Requirements for Fossil-Based Electricity 
Plants with and without Carbon Capture, Report Submitted to NETL. 
[6] Hejazi M., Edmonds J., Clarke L., Kyle P., Evan D., Chaturvedi V., Wise M., Patel P., 
Eom J., Kalvin K., Richard M., & Kim S., (2014), Long Term Global Water Projections 
Using Six Socioeconomic Scenarios in an Integrated Assessment Modeling Framework., 
Journal of Technological Forecasting &Social Change, (81), 205-226. 
[7] Diehl H. T., & Harris A. M., (2014), Withdrawal and Consumption of Water by 
Thermoelectric Power Plants in the United States, 2010, Scientific Investigation Report 
Submitted to USGS & US. Department of the Interior, 2014-5184. 
20 
 
[8] Grubert A. E., Beach C. F., & Webber E. M., (2012), Can Switching Fuels Save Water? 
A life Cycle Quantification of Freshwater Consumption for Texas Coal-and Natural Gas-
Fired Electricity., Journal of Environmental Research Letters, (7), 04580, doi: 
10.1088/1748.9326/7/4/045801.  
[9] Saria Bukhary, Sajjad Ahmed and Jacimaria Batista, 2018, Analyzing Land and Water 
Requirement for Solar Deployment in The Southwestern United States, Renewable and 
Sustainable Energy Reviews, (82), 3288-3305.  
[10] Haibo Zhai, Edward S. Rubin, and Peter L. Versteeg, 2011, Water Use at Pulverized 
Coal Power Plants with Post Combustion Carbon Capture and Storage, Environ. Sci. 
Technol. (45), 2479-2485. 
[11] Xiaobo Luo, Meihong Wang, and Jian Chen, 2015, Heat Integration of Natural Gas 
Combined Cycle Power Plant Integrated with Post – Combustion CO2 Capture and 
Compression, Journal of Fuel, (151), 110-117. 
[12] Laurenzi J. I., & Jersey R. G., (2013), Life Cycle Greenhouse Gas Emissions and 
Freshwater Consumption of Marcellus Shale Gas, Environ. Sci. Technol, (47-9), 4869-
4903, dx.doi.org/10.1021/es305162w.  
[13] Ou, Y., Zhai, H., & Rubin, E. S. (2016). Life Cycle Water Use of Coal- and Natural-
Gas-Fired Power Plants with and without Carbon Capture and Storage. International 
Journal of Greenhouse Gas Control, 44, 249-261. doi: 10.1016/j.ijggc.2015.11.029.  
21 
 
[14] Luo X., Wang M., & Chen J., (2015), Heat Integration of Natural Gas Combined Cycle 
Power Plant Integrated with Post – Combustion CO2 Capture and Compression, Journal 
of Fuel, (151), 110-117.  
[15] Andrea McNemar, 2009, Carbon Sequestration and Water: A Department of Energy 
Perspective, National Energy Technology Laboratory, 2009. 
[16] Wouter Schakel, (2017), Understanding Environmental Trade-offs of Carbon Capture, 
Utilization, and Storage, Projects Reports Submitted to Utrecht University.  
[17] DOE/NETL, (2010), Carbon Dioxide Capture and Storage RD&D ROADMAP, 
Report Submitted to DOE. 
[18] Mona Charaie, (2013), Design and Optimization of Energy Systems with Effective 
Carbon Control, Dissertation submitted to the University of Manchester.  
[19] Magneschi G., Zhang T., & Muson R., (2017), The Impact of CO2 Capture on Water 
Requirements of Power Plants, Energy Procedia, (114) 6337-6347. 
[20] Rao A., (2002), Details of a Technical, Economic and Environmental Assessment of 
Amine-Based CO2 Capture Technology for Power Plant Greenhouse Gas Control., Report 
submitted for DOE. 
[20] Chen Qin, 2015, Optimization of Solid Sorbent in CO2 Capture and Water Usage 
Reduction in Advanced Power Generation, Ph.D. Dissertation submitted for University of 
California IRVAN.  
22 
 
[21] Xingxing Zhang, Junguo Lui, Michelle TH van Vliet, and Jinyue Yan, 2017, China’s 
Coal-Fired Power Plant Impose Pressure on Water Resources, Journal of Cleaner 
Production, (161), 1171-1179.  
[22] Michael J. Rutberg, 2012, Modeling Water Used at Thermo-Electric Power Plant, 
Thesis submitted for Massachusetts Institute of Technology.       
 
  
 
 
 
 
 
 
 
 
 
 
 
23 
 
 
 
 
 
 
 
Chapter Two 
Mathematical models and governing equations. 
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2.1. Mathematical models and governing equations. 
        The mathematical models and equations governing the cyclic behavior of the power 
plant and the individual components are based on the mass and energy conservations. The 
equations are derived by using the first principles. The mathematical models utilized in the 
present work is divided into three parts; the basic mass and energy balance equations to 
calculate cycle efficiencies, mass and energy balance applied to the cooling tower, and the 
interior mathematical model of the RADFRAC column to be used as a cooling tower.   
2.1.1. Basic equations for power plant.  
       The equations determining the efficiency of the gas and steam cycle are derived. For 
the gas cycle, the net produced power and cycle efficiency are:  
𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 = 𝐺𝑎𝑠 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑃𝑜𝑤𝑒𝑟 − 𝐴𝑖𝑟 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑃𝑜𝑤𝑒𝑟   
 = (𝑚𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑒𝑑−𝐹𝑢𝑒𝑙
. × (ℎ𝑔.𝑖𝑛 − ℎ𝑔.𝑜𝑢𝑡)) - (𝑚𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑−𝑎𝑖𝑟
.  × (ℎ𝑎𝑖𝑟.𝑜𝑢𝑡 −  ℎ𝑎𝑖𝑟.𝑖𝑛))    (1) 
       Where 𝑚𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑒𝑑−𝐹𝑢𝑒𝑙
. , is the mass flow rate of the combusted gas fuel from the 
combustion chamber. ℎ𝑔.𝑖𝑛 , 𝑎𝑛𝑑 ℎ𝑔.𝑜𝑢𝑡 are the fuel gas enthalpies at the inlet and the outlet 
of the gas turbine. 𝑚𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑−𝑎𝑖𝑟
. , ℎ𝑎𝑖𝑟.𝑜𝑢𝑡 , 𝑎𝑛𝑑 ℎ𝑎𝑖𝑟.𝑖𝑛 are the compressed air mass 
flow rate and its enthalpies at the inlet and the outlet of the air compressor.   
𝐺𝑎𝑠 𝐶𝑦𝑐𝑙𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟
(𝐹𝑢𝑒𝑙 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑉𝑎𝑙𝑢𝑒(𝐻𝑖𝑔ℎ,𝑜𝑟 𝐿𝑜𝑤)×𝑚𝑓𝑢𝑒𝑙.𝑚𝑎𝑠𝑠.𝐼𝑛𝑙𝑒𝑡
.                                 (2) 
       Where 𝑚𝑓𝑢𝑒𝑙.𝑚𝑎𝑠𝑠.𝐼𝑛𝑙𝑒𝑡
.  is the gas fuel mass flow rate at the inlet of the gas cycle before 
the combustion chamber.  
The main equations in the steam cycle calculations are:  
25 
 
𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 = 𝐻𝑃 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟 + 𝐼𝑃 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟 +
𝐿𝑃 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟                                                                                                                (3)                           
𝑊ℎ𝑒𝑟𝑒 ∶ 
𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑃𝑜𝑤𝑒𝑟 =  𝑚𝑓𝑒𝑒𝑑.𝑆𝑢ℎ.𝑆𝑡𝑚
.  × (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)                                                                       (4) 
       𝑚𝑓𝑒𝑒𝑑.𝑆𝑢ℎ.𝑆𝑡𝑚,
.  ℎ𝑖𝑛, 𝑎𝑛𝑑 ℎ𝑜𝑢𝑡 are the superheated feed water mass flow rate to the 
HRSG system and its enthalpies respectively at the inlet and the outlet of the superheater. 
The steam cycle efficiency is: 
𝜂𝑠𝑡𝑒𝑎𝑚 =  
𝑇𝑢𝑟𝑏𝑖𝑛𝑒𝑠 𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛
                                                                                               (5) 
where: 
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛 is the heat input to 𝐻𝑅𝑆𝐺 𝑠𝑦𝑠𝑡𝑒𝑚  and this is equal to: 
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛 =  𝑚𝑔𝑎𝑠.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑖𝑛
. × (ℎ𝑔.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑖𝑛 − ℎ𝑔.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑜𝑢𝑡)                                            (6) 
𝑚𝑔𝑎𝑠.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑖𝑛
. , ℎ𝑔.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑖𝑛, 𝑎𝑛𝑑 ℎ𝑔.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑜𝑢𝑡 are the mass flow rate of the fuel gas 
feeding the HRSG system and its enthalpies at the inlet and the outlet of the HRSG system 
respectively.  
In the case of integrated PCCC (Post-Combustion-Carbon Capture Unit), 𝜂𝑠𝑡𝑒𝑎𝑚 is 
expected to be increased and the equation will be:  
𝜂𝑠𝑡𝑒𝑎𝑚.𝐶𝐶𝑆 =  
𝑇𝑢𝑟𝑏𝑖𝑛𝑒𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 −𝑇ℎ𝑒 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 𝑏𝑒𝑐𝑎𝑢𝑠𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 𝐶𝐶𝑆 𝑢𝑛𝑖𝑡 
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛−𝑄𝑐𝑐𝑠 ( 𝑇ℎ𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 ℎ𝑒𝑎𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐶𝐶𝑆 𝑟𝑒𝑏𝑜𝑖𝑙𝑒𝑟)
            (7)  
where 𝑚., 𝜂𝑠𝑡𝑒𝑎𝑚, ℎ, 𝑎𝑛𝑑 𝑄 are mass flow rate, efficiency, enthalpy, and heat duty 
respectively. Regarding the cooling system, number of calculations have been shown in 
the previous sections, the remain evaporative cooling calculations are shown in the next 
sections.       
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2.1.2. Energy and mass balance for the cooling tower.  
       The cooling water recirculates inside a closed loop within the wet cooling system. The 
evaporative, drift, and blowdown loss are accounted for the water consumption that needs 
to be replenished as a makeup water. The makeup water is calculated as [1,2]: - 
𝑚𝑚𝑎𝑘𝑒𝑢𝑝
. =  𝑚𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑.𝐿𝑜𝑠𝑠𝑒𝑠
.  +𝑚𝑑𝑟𝑖𝑓𝑡.𝑙𝑜𝑠𝑠𝑒𝑠
. + 𝑚𝐵𝑙𝑜𝑤𝑑𝑜𝑤𝑏.𝑙𝑜𝑠𝑠𝑒𝑠
.                                              (8) 
With  
 𝑚𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑.𝐿𝑜𝑠𝑠𝑒𝑠
.  = 𝑚𝑎𝑖𝑟
. × (𝑤𝑠𝑎𝑡.𝑜𝑢𝑡 - 𝑤𝑖𝑛)                                                                                (9) 
𝑚𝑑𝑟𝑖𝑓𝑡.𝑙𝑜𝑠𝑠𝑒𝑠
. = 𝑓 × 𝑚𝑐𝑜𝑜𝑙𝑖𝑛𝑔
.                                                                                                                 (10) 
𝑚𝐵𝑙𝑜𝑤𝑑𝑜𝑤𝑏.𝑙𝑜𝑠𝑠𝑒𝑠
.  = 
𝑚𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑.𝐿𝑜𝑠𝑠𝑒𝑠
.
𝐶𝑂𝐶−1
                                                                                                            (11) 
       Here, 𝑚𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑.𝐿𝑜𝑠𝑠𝑒𝑠
.  is the evaporated losses, 𝑚𝑑𝑟𝑖𝑓𝑡.𝑙𝑜𝑠𝑠𝑒𝑠
.  is the drift losses, 
𝑚𝑐𝑜𝑜𝑙𝑖𝑛𝑔
.  is the cooling water mass flow rate, 𝑓 is a factor depends on the type of the cooling 
tower, 𝑚𝐵𝑙𝑜𝑤𝑑𝑜𝑤𝑏.𝑙𝑜𝑠𝑠𝑒𝑠
.  is the blowdown losses, and COC is the cycles of concentration. 
𝑤𝑠𝑎𝑡.𝑜𝑢𝑡 and 𝑤𝑖𝑛 are the humidity content at the tower inlet and outlet (kgwater/kgair).  
      To calculate the evaporated losses properly, mass and energy balance should be derived 
properly on a control volume analysis applied to the tower. According to Ataei et al [3], 
and Kotb A. [4], control volume with thickness dH, cross sectional area Ac, and volume 
dV is taken from the cooling tower and process all the mass and energy balance for both 
air and water on it as below:                                                                                     
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Figure 2.1. Control volume showing mass and heat balance in the cooling tower.  
     
        Mass conservation balance for air, moisture content, and the cooling water for the 
control volume leads to: - 
𝑚𝑎𝑖𝑟
. + 𝑤𝑚𝑎𝑖𝑟
. + 𝑚𝑤
. = 𝑚𝑎𝑖𝑟
. + (𝑤 + 𝑑𝑤)𝑚𝑎𝑖𝑟
. + (𝑚𝑤
. − 𝑑𝑚𝑤
. )                                             (12) 
𝑑𝑚𝑤
.  represents the evaporation rate in the cooling tower and this rate is equal to  
𝑚𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑.𝐿𝑜𝑠𝑠𝑒𝑠
.  in Eqs. (8) and (9). 𝑤 represents the humidity content (
𝐾𝑔𝑤𝑎𝑡𝑒𝑟
𝐾𝑔𝑎𝑖𝑟
). In other 
word, 
 𝑑𝑚𝑤
. = 𝑚𝑎𝑖𝑟
.  ×  𝑑𝑤                                                                                                                          (13) 
𝑚𝑎𝑖𝑟
.  𝑑𝑤  represents mass transferring from water to air, and can be calculated as:    
𝑚𝑎𝑖𝑟
.  𝑑𝑤  =ℎ𝑚 × 𝜌𝑎 × 𝐴𝑐 × (𝑤𝑠𝑎𝑡 − 𝑤) × 𝑑𝑣                                                                                     (14) 
where 𝑑𝑣 = 𝑑𝐻 × 𝐴𝑐 is the volume. Introducing the cooling tower characteristics Ka  =
ℎ𝑚 × 𝜌𝑎 × 𝐴𝑐, and rearranging Eq. (14) yields: -  
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𝑑𝑤
𝑑𝐻
=
𝐾𝑎
𝑚𝑎
.  (𝑤𝑠𝑎𝑡 − 𝑤)                                                                                                                              (15)          
        The conservation of energy for the control volume yields: - 
𝑚𝑤
. ℎ𝑤 + 𝑚𝑎
. ℎ𝑎 = 𝑚𝑎
. (ℎ𝑎 + 𝑑ℎ𝑎) + (𝑚𝑤
. − 𝑑𝑚𝑤
. ) × (ℎ𝑤 − 𝑑ℎ𝑤)                                                      
(16) 
By rearranging Eq. 16 and equating 𝑑𝑚𝑤
. × 𝑑ℎ𝑤 ⩯ 0 leads to: -  
𝑚𝑎
, 𝑑ℎ𝑎 = 𝑚𝑤
. 𝑑ℎ𝑤+ℎ𝑤 𝑑𝑚𝑤
.                                                                                                          (17) 
By setting 𝑑𝑚𝑤
. = 𝑚𝑎𝑖𝑟
, 𝑑𝑤, Eq.17 yields: - 
𝑚𝑎
, 𝑑ℎ𝑎 = 𝑚𝑤
. 𝑑ℎ𝑤+ℎ𝑤 𝑚𝑎𝑖𝑟
, 𝑑𝑤                                                                                                            (18) 
      𝑚𝑎
, 𝑑ℎ𝑎 represents the total heat rate removed from water by the air at the tower outlet. 
𝑚𝑤
. 𝑑ℎ𝑤 represents the sensible heat removed from water or dQs while ℎ𝑤 𝑚𝑎𝑖𝑟
, 𝑑𝑤 
represents the latent heat transferred to air or dQL. Thus, it can be shown that: - 
𝑚𝑎
, 𝑑ℎ𝑎 = dQs+dQL 
where dQL represents the latent heat or ℎ𝑤 𝑚𝑎𝑖𝑟
, 𝑑𝑤 and equals to: - 
𝑑𝑄𝐿 = ℎ𝑚 × 𝜌𝑎 × 𝐴𝑐 × (𝑤𝑠𝑎𝑡 − 𝑤) × 𝑑𝑣 × ℎ𝑤,𝑔                                                                                   
(19) 
Here ℎ𝑚 is the mass transfer coefficient and ℎ𝑤,𝑔  is the water heating value. The other 
parameters have been defined above.  
dQs represents the sensible heat rate and equals to: - 
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dQs =ℎ𝑐 × 𝐴𝑐 × (𝑇𝑤 − 𝑇𝑎) × 𝑑𝑣                                                                                                            (20) 
where ℎ𝑐 is the convective heat transfer coefficient and 𝑇𝑤 − 𝑇𝑎 is the temperature 
difference between water and air.  By combining Eqs. (17), (18), (19), and (20) the energy 
balance yields: -  
𝑚𝑤
. 𝑑ℎ𝑤+ℎ𝑤 𝑚𝑎𝑖𝑟
, 𝑑𝑤 = ℎ𝑚 × 𝜌𝑎 × 𝐴𝑐 × (𝑤𝑠𝑎𝑡 − 𝑤) × 𝑑𝑣 × ℎ𝑤,𝑔 + (ℎ𝑐 × 𝐴𝑐 × (𝑇𝑤 −
𝑇𝑎) × 𝑑𝑣)       (21) 
       By submitting 𝑑𝑣 = 𝑑𝐻 × 𝐴𝑐 and Ka  = ℎ𝑚 × 𝜌𝑎 × 𝐴𝑐, Eq. (21). become: - 
𝑑ℎ
𝑑𝐻
=
𝑘𝑎×𝐴
𝑚𝑎
. ((𝐿𝑒𝑓 ∗ 𝐶𝑝𝑎𝑖𝑟(𝑇𝑤 − 𝑇)) + (ℎ𝑤,𝑔 × (𝑤𝑠𝑎𝑡 − 𝑤)))                                                                  
(22) 
where 𝐿𝑒𝑓 is Lewis factor. Theoretically, Lewis factor is equal to: - 
𝐿𝑒𝑓 = 
ℎ𝑐
ℎ𝑚𝜌𝑎𝑖𝑟𝐶𝑝𝑎𝑖𝑟
                                                                                                               (23)  
Relating the enthalpy difference to the temperature difference through the definition of 
specific heat Eq. 18 can be rewritten as: - 
𝑑𝑇𝑤 =
𝑚𝑎
.
𝑚𝑤
. 𝐶𝑤
(𝑑ℎ𝑎 − ℎ𝑤 𝑑𝑤)                                                                                                                 (24) 
       Eqs. (22) and (24) could be used to calculate changes of the enthalpy, humidity 
content, and temperature between the inlet and the outlet of the tower by accounting for 
the evaporated losses and other tower related losses described in Eqs. (8) and (9). The final 
net water makeup can be determined in a proper manner by solving these equations 
numerically or analytically.  
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2.1.3. Modeling RADFRAC column as a cooling tower.   
      RADFRAC column is one of the blocks which is being used within the dynamic 
process flowsheet software like ASPEN PLUS and COCO software to simulate power 
plant components. In this type of columns, equilibrium separation is processed through 
number of stages as being shown in the steps below: - 
                                      
a)  Explains the complete RADFRAC column showing all parts and stages of the 
column [5]. 
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Stage j
            V j , y i, j
            V j+1 , y i, j+1
            L j-1 , x i, j-1
            L j , x i, j
Wj
Fj
Uj
              
b)  Shows heat and mass balance for one of the stages inside the RADFRAC column.    
Figure 2.2. (a, and b). Show the process of heat and mass balance inside RADFRAC 
column. 
 
        Here j represents the stage number, xi represents the composition of the phase with 
rate i that is involved to phase material L, yi  represents the other phase composition with 
rate i which is involved to phase material V. F represents an added stream to the stage j. U, 
and W, represent side streams from the stage exit streams. zi  represents the phase 
composition that involves to the added stream F. To understand the process of the 
equilibrium separation in the equilibrium column, the derivations should begin from the 
first principle by performing mass and energy balance. First, the mass balance can be 
performed as below: - 
𝑉𝑗+1 + 𝐿𝑗−1+𝐹𝑗 − (1 + 𝑟𝑗
𝑣)𝑉𝑗 − (1 + 𝑟𝑗
𝐿)𝐿𝑗 = 0                                                                              (25) 
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where 𝑟𝑗
𝑣 =  
𝑈𝑗
𝑉𝑗
 and 𝑟𝑗
𝐿 =
𝑊𝑗
𝐿𝑗
 are draw ratios. By using the same method presented in 
equation (25), the component mass balance can be written as below: - 
𝑉𝑗+1𝑦𝑖,𝑗+1 + 𝐿𝑗−1𝑥𝑖,𝑗−1 + 𝐹𝑗𝑧𝑖 − (1 + 𝑟𝑗
𝑣)𝑉𝑗𝑦𝑖,𝑗 − (1 + 𝑟𝑗
𝐿)𝐿𝑗𝑥𝑖,𝑗 = 0                                  (26) 
       The energy balance equation can be written as: 
𝑉𝑗+1𝐻𝑗+1
𝑣 + 𝐿𝑗−1𝐻𝑗−1
𝐿 + 𝐹𝑗𝐻𝑗
𝐹 − (1 + 𝑟𝑗
𝑣)𝑉𝑗𝐻𝑗
𝑉 − (1 + 𝑟𝑗
𝐿)𝐿𝑗𝐻𝑗
𝐿 − 𝑄𝑗 = 0                         (27) 
where H represents the enthalpy for each phase. This equilibrium can’t be derived properly 
without adding a constraint on the components 𝑥𝑖,𝑗 and 𝑦𝑖,𝑗 which are leaving stage j. This 
constraint is called by equilibrium ratio or 𝐾𝑖,𝑗 where: - 
𝐾𝑖,𝑗 =
𝑦𝑖,𝑗
𝑥𝑖,𝑗
                                                                                                                                        (28)        
Since there is no ideality in the phases produced from each stage, some efficiency factors 
should be set to correct this deviation in the produced phases. In the present simulations, 
the Murphree efficiency criterion (𝜂𝑚𝑣) is used to calculate the ideality in the phases: - 
𝜂𝑚𝑣 =
𝑦𝑖,𝑗−𝑦𝑖,𝑗−1
𝑘𝑖,𝑗𝑥𝑖,𝑗−𝑦𝑖,𝑗+1
                                                                                                                           (29) 
      In present work, RADFRAC column would be used as a cooling tower. Using the 
RADFRACK block as a cooling tower was first proposed by Queiroz et al [6] with the 
following assumptions: -  
1- V represents the inlet air while L represents the hot water. 𝑦 represents the humidity 
content.  
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2- Two stages would be used with setting specific Murphree efficiency at each stage 
to calculate the ideality of the phases.    
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Abstract  
       Electric power generation from thermoelectric power plants is associated with a 
negative impact on water availability, referenced as the water-energy nexus, which is 
aggravated by climate change. This paper reports a study on exploring the effect of 
different hybrid cooling system configurations on water requirements and power penalty 
for a natural gas combined cycle (NGCC) plant equipped with a carbon capture unit (CC 
unit) where investigating three of them is novel in term of water requirement and power 
penalty when the heated cooling water stream from the condenser is distributed in series 
connected and parallel connected hybrid cooling systems and when LP stream is distributed 
between indirect dry and wet hybrid cooling system respectively while the most considered 
conventional one in previous studies is the parallel connected direct dry and wet hybrid 
system when the LP stream is distributed between them. Simulations were conducted using 
the COCO 3.3 software and have been validated using data sets from a reference NGCC 
plant, both with and without CC unit, which is available in the literature. Four hybrid 
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cooling system configurations were explored to evaluate their water requirements and 
power penalty.  Other conventional cooling systems such as closed cooling, once-through 
and direct and indirect dry cooling methods were simulated with and without PCCC 
integration for comparison. It was found that the hybrid configuration, including indirect 
air-cooled condenser (ACC) and natural draft wet cooling tower, has the best performance 
as compared to the other conventional and hybrid cooling systems; amounting to 2.038 
(gal/min)/MWnet, 1.573 (gal/min)/MWnet, and 12.29 MW for water withdrawal, 
consumption, and energy penalty, respectively, for the case of a unit without CC unit; and 
3.9 (gal/min)/MWnet, 2.928 (gal/min)/MWnet, and 15.177 MW for water withdrawal, 
consumption, and energy penalty, respectively, for a unit with CC unit. It was confirmed 
that the PCCC integration approximately doubles the water withdrawal and consumption 
for all cooling systems. In addition, the indirect ACC and wet cooling tower is still the best 
performing cooling system with PCCC integration.      
 
Key Words: Water Energy Nexus, Hybrid Cooling System, Power Penalty, Water Consumption, 
Water Withdrawal, CCS  integration, NGCC power plant.      
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Table A. Appreviations and Nomenclature for the hybrid cooling system investigation 
contribution. 
Abbreviations 
NGCC            Natural Gas Combined Cycle. 
FD                  Forced Draft. 
ACC               Air Contact Cooler.  
CT                  Cooling Tower. 
ACTD            ACC-CT hybrid cooling system. 
ACTS             ACC-CT in series hybrid cooling system. 
DACW           Direct ACC-Wet cooling hybrid system. 
IDACT           Indirect Air- CT hybrid cooling system. 
DOE               Department of Energy.  
NETL                 National Energy Technologies Laboratory. 
GHG              Green House Gases. 
LHV               Low Heating Value. 
HHV              High Heating Value. 
PV                  Photo Voltaic.  
CSP                Concentrated Solar Power. 
GCAM           Global Change Assessment Model. 
CWI                Consumption Water Intensity. 
BAU               Business As Usual. 
LEAP        Long-range Energy Alternative Planning 
System. 
EGR               Exhaust Gas Recirculation. 
HRSG            Heat Recovery Steam Generator.       
LP, IP, HP      Low Pressure, Intermediate Pressure, High 
Pressure. 
PCCC             Post Combustion Carbon Capture. 
EOS                Equation of State. 
DCC               Direct Contact Cooler.   
MEA               Methyl Ethanol Amine  
 
 
 
 
 Nomenclatures 
Q           Amount of Heat (J/s) 
𝑚𝐻𝑊
.       Mass Flow Rate of Hot Water (Kg/s) 
𝐻𝐻𝑊𝑜𝑢𝑡   Enthalpy of Hot Water Out (KJ/Kg) 
𝐻𝐻𝑊𝑖𝑛     Enthalpy of Hot Water In (KJ/Kg)  
𝑚𝐶.𝑎𝑖𝑟
.      Cooling Air Mass Flow Rate (Kg/s) 
𝐻𝐶.𝑎𝑖𝑟𝑜𝑢𝑡  Enthalpy of Air Out (KJ/Kg) 
𝐻𝐶.𝑎𝑖𝑟𝑖𝑛   Enthalpy of Air In (KJ/Kg) 
𝐸𝑓𝑓𝑖,𝑗
𝑚      Murphree Efficiency  
𝑦𝑖,𝑗        Vapor Phase for Component i at 
Stage j 
Pr              Air Pressure (Pa) 
T                Air Temperature (K) 
Vol            Volume (m3) 
R                    Universal Gas Constant (J/mol.K). 
𝑚𝑒𝑣𝑝.𝑙𝑜𝑠
.     Evaporated Losses Rate (Kg/s) 
𝑚𝑐𝑤𝑐𝑑𝑠𝑟
.   Cooling Water Mass Flow Rate 
(Kg/s) 
∆𝑇𝑡𝑜𝑤𝑒𝑟    Temperature Difference through 
the Cooling Tower (K) 
COC           Cycles of Concentrations  
𝑚𝑓𝑒𝑒𝑑.𝑆𝑢ℎ.𝑆𝑡𝑚
.  Superheated Steam mass 
Flow Rate 
𝑚𝑓𝑢𝑒𝑙.𝑚𝑎𝑠𝑠.𝐼𝑛𝑙𝑒𝑡
.   Fuel mass Flow Rate 
entering the plant. 
𝑚𝑔𝑎𝑠.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑖𝑛
.  gas fuel mass flow rate 
into HRSG unit. 
𝜂𝑠𝑡𝑒𝑎𝑚             Steam thermal Efficiency 
𝜂𝑔𝑎𝑠                 Gas thermal efficiency 
ℎ𝑔.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑜𝑢𝑡  𝐸nthalpy of the 
combusted gas at the outlet of the HRSG 
unit.  
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛, 𝑄𝑐𝑐𝑠    Heat imported to the 
HRSG and PCCC respectively.    
 
 
3.1. Introduction 
       The Water-Energy-Nexus term describes the strong relationship between electric 
power generation and water supply shortage [1], where water withdrawal represents about 
41% of the U.S. total water usage, while the consumed water is equal to about 3% of the 
total U.S available fresh water [2]. Designing an efficient power plant cooling system 
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network affects water requirements because 86% of the processed water in the plant is 
exhausted by the cooling system [3]. Wet cooling system is the main integrated unit in the 
plant where the major percent of water is consumed. Evaporated losses, drift losses, and 
blowdown losses in the cooling tower represent the water losses where the total discharge 
water in a system should be made up. To decrease water losses in the wet cooling system, 
cooling tower could be combined with a dry cooling system, using air instead of water, as 
the cooling medium, although, dry cooling systems result in power penalties in the plant. 
Integrating wet and dry hybrid systems efficiently leads to a decrease in water requirements 
and power penalty simultaneously. Hybrid cooling systems are the best option by which 
the performance of power plant cooling process can be modified in terms of decreasing 
both water and power penalty requirements. Hybrid systems can be configurated in 
different arrangements corresponding to the plant’s needs and its environmental conditions 
as will be discussed in this paper. Another factor affecting water and auxiliary power 
requirements in fossil power plant is adding carbon capture (CC unit) where adding this 
unit to the plant has been reported to double the amount of water requirement [4]. The only 
considered hybrid cooling system configuration in previous studies in terms of water 
requirement and power penalty is the parallel integrated configuration between wet and dry 
cooling systems where LP stream from LP turbine is distributed between direct dry and 
wet cooling systems, and then, the condensed LP streams are combined and turned back 
again to the steam cycle while the other hybrid configurations have not been investigated 
yet. Therefore, the novelty in this study is investigating the effect of three new 
configurations of hybrid cooling systems on water requirements and power penalty in 
addition to the conventional one. Two of the new considered hybrid designs are parallel 
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connected and series connected direct dry and wet hybrid cooling systems respectively 
where the heated cooling water from the condenser is distributed between both the 
connected cooling systems. The third one is a parallel connected indirect dry and wet 
hybrid cooling systems where the LP stream from the LP turbine is distributed between 
both the connected cooling systems. Carbon dioxide emissions and water requirements for 
Natural Gas combined Cycle power plants (NGCC) are about half these of those for Coal-
Fired power plants [5]. Therefore, studying the effect of both PCCC and different hybrid 
cooling system configurations on water losses and power penalties in NGCC are 
considered in this study.                     
The relationship between water requirements and power generation has been 
studied extensively.  Dehaghani and Ahmadikia [6] studied computationally retrofitting a 
12 cells wet tower and a dry hybrid cooling system configuration with a high accuracy air 
flow regulation to decrease fan power and water requirement. It was found that increasing 
accuracy of air flow control leads to decrease in consumed power by the fan by about 
64.6%; while retrofitting with the dry/wet hybrid system decreases water consumption by 
about 9.4%. Zhai and Rubin [3] investigated water usage and the added cost of Pulverized 
Coal (PC) power plant equipped with wet and dry cooling systems, with and with 
integrating PCCC by using the IECM software. It was found despite adding a dry cooling 
system to the hybrid configuration decreases the amount of water usage, the capital cost 
would be increased. Adding a PCCC doubles the amount of water usage and increases the 
capital cost. Research by Zhai and Rubin [7] investigated the effect of a hybrid cooling 
system on the total annual cost and water usage of a coal-fired and NGCC power plants 
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with and without the integration an amine-based CC unit. The hybrid cooling system was 
designed by combining an ACC (air cooled condenser) and a wet tower in a parallel 
configuration. It was found that the hybrid system reduces the amount of water by about 
80% without PCCC and 52% with the CC unit. To decrease the cost of the system in the 
summer season, only 30% percent of the system cooling load was removed by the wet 
cooling system. Tidwell et al [8] performed an analysis using the POWERSIM Studio 9 
Expert software to characterize withdrawn fresh water by retrofitting a cooling system or 
using non-potable water such as brackish groundwater and wastewater as an alternative 
resource in U.S. power plants. It was shown that the use of brackish water is the least 
expensive approach despite having a higher operating and maintenance cost (O & M). 
Tidwell et al [8] recommended that retiring old power plants is more economic than 
retrofitting their cooling systems. Zhang et al [1] assessed water consumption in coal-fired 
power plants in China by retrofitting new cooling system technologies.  They studied the 
water scarcity for various water resources and reported that increasing water consumption 
leads to increasing stress in northern China. El-Khozondar and Koksal [9] investigated 
water consumption in Turkish power plants by minimizing water requirements and 
upgrading cooling systems. Their simulations were conducted using the LEAP software 
(Long-Range Energy Alternative Planning System). Results showed that a BAU (Business 
as Usual) scenario has the highest water consumption throughout the estimated period. It 
was recommended replacing wet cooling systems by hybrid ones, to decrease the 
forecasted water consumption. The Water-Energy Nexus for an Illinois’s power plant was 
evaluated by Denooyer et al [10]. Two scenarios were studied: (1) switching coal fuel to 
natural gas, and (2) changing once-through cooling to a closed-loop cooling system. An 
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economic analysis was performed to evaluate retrofitting the fuel type and cooling system 
by utilizing a Bottom-Up Engineering Accounting Approach. It was shown that retrofitting 
coal to natural gas and once-through cooling system to a wet cooling system decreases the 
total amount of water consumption, despite that this operation is less economically 
favorable.  Loew et al [11] studied the feasibility of switching coal to natural gas and dry 
cooling to wet and once-through cooling by using the Integrated Environmental Control 
Model (IECM) tool.  It was founded that water withdrawal is reduced in a coal-fired power 
plant more than in the NGCC power plant when the dry cooling system is retrofitted. The 
cost of retrofitting a once-through cooling by a wet cooling system is lower for water 
withdrawal and higher for water consumption. Denooyer et al [10] and Loew et al [11] 
have suggested that retiring the old and the low-efficiency plant will be more cost-effective 
than retrofitting its cooling system. 
       Hette and Andy [12] have discussed the impact of a full-scale PCCC for a coal-fired 
power plant in Rotterdam (Netherlands) by utilizing ROAD (Rotterdam Opslag en Afvang 
Demonstrattieproject). Seawater was used as the cooling medium in the unit which was 
integrated with Flue Gas Desulfurization (FGD) unit. It was shown that using ROAD leads 
to reduce freshwater because of the highly integrated design of the plant. Herraiz et al [13] 
investigated the effect of adding EGR (Exhaust Gas Recirculation) to a CCGT (Combined 
Cycle Gas Turbine) power plant by using a rotary regenerative gas/gas heat exchanger to 
manage the water balance around the CC unit. It was found that using the hybrid cooling 
system with an upstream regenerative heat exchanger in the PCCC as dry direct contact 
cooler, reduces cooling water demand by 67% and process water demand by 35%, compare 
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to using a wet cooling system  Li et at [14] studied the effect of EGR (Exhaust Gas Ratio) 
on a CCGT plant by investigating various recirculation ratios. It was found that a 
recirculation ratio greater than 50% increases the plant’s efficiency by 0.4%, and thus 
reduces the total energy and water consumption by increasing the CO2 concentration in the 
re-boiler.  Ou et al [15] studied the effect of CO2 capture level on water usage and process 
life cycle for both a coal-fired and a natural gas-fired power plant. Also, a sensitivity and 
uncertainty analysis of the life cycle was implemented. Yang Ou has shown that adding a 
PCCC increases the water life cycle remarkably as compared to the plant without CC unit. 
The amount of water usage differs with the type of coal-fired and the cooling technology 
installed. Magneschi et at [16] has also studied the impact of PCCC on the total water usage 
for several power plants, cooling systems, and PCCC technologies. Magneschi and his 
colleagues challenged and dispelled the quoted statement “adding PCCC doubles the total 
water usage in power plants.” They concluded that the amount of plant’s water usage is 
highly dependent on plant types, cooling technologies, and PCCC technologies. Gjorgiev 
and Sansavini [17], [18] conducted an optimization study to reduce power curtailments and 
maximize electric power with reduced water requirements. Four parameters were included 
in this optimization study: hydrogenation, thermal generation, water river temperature, and 
river flow discharge. It was shown that electric generation is independent of water 
temperature and water discharge. Additionally, it was found that the once-through cooling 
system is more influenced than a wet tower system by water constraint-policies. 
        Ackerman and Fisher [19] studied the effect of the water-energy nexus on long-term 
electricity planning by using carbon and water prices, and by calculating the most and least 
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water intensity with imposed limits on carbon emission and water usage. Frank and Fisher 
have found that the scenario without imposing limits on water usage and carbon emission 
is the most cost-effective. Vliet et al [20] studied the effect of water availability and climate 
change on thermal and hydropower plants, economically and technically. It has been 
concluded that the climate and temperature change, and water availability influence the 
power generation capacity for both thermal and hydropower plants. They also noticed that 
technology development will not reduce the concerns that involve increasing water 
scarcity. A number of steps should be taken to decrease these concerns whether by using 
renewable energy technologies or by adopting new strategies. Peck and Smith [21] have 
developed a new model and method to quantify water usage in power plants by calculating 
water consumption and withdrawal factors for various operating conditions and spatial 
scales. It was found that water usage is dropping in regions where renewable energy 
technologies have more contribution to electricity generation than other energy production 
technologies. Lin and Chen [22] evaluated the future water demand for power generation 
in China under three scenarios: upgrading the cooling system technology, increasing the 
number of non-thermal power plants, and reallocation of thermal power plants to the West 
of China. Lin and Chen reported that water withdrawal and consumption are projected to 
that upgrading  been documentedin 2030, respectively. It has  3be 63.75 and 8.3 billion m
the cooling system technology and power plant reallocation influence the total amount of 
water usage while increasing the number of non-thermal power plants decreases the stress 
on water.  Liu et al [23] has developed a Global Change Assessment Model (GCAM) by 
implementing a model for electricity and water demand in the U.S at the state level. Seven 
scenarios were studied by including fuel portfolios, the type of cooling system, the intensity 
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of water usage, and the tradeoff between water usage and water saving. With significant 
variation between states in water amounts, water requirements are decreasing for all cases.   
       Water resources managing in a perfect way is necessary for reducing water 
[26] have  et al[25], and Hill  et alFeeley  [24], et alrequirements in cooling system. Walker 
investigated in their study using alternative water resources and management systems to 
reduce water withdrawal and consumption in the evaporative cooling systems. They used 
wastewater as a makeup water instead of using the fresh water by which the total demand 
on fresh would be reduced. Their results show that using wastewater as an alternative 
option for the fresh could be viable technically and economically in term of water and 
energy cost saving if the concentrations of the salt and solids can be controlled in such a 
way that wastewater treatment cost wouldn’t be passed a certain limit including water cost.   
       In this study, an assessment of water withdrawal, water consumption, and power 
penalty for a NGCC power plant equipped with PCCC and a wet-cooling system has been 
investigated. Four proposed designs of hybrid cooling systems were analyzed for raw water 
withdrawal, water consumption, and power penalty. The effect of retrofitting the cooling 
system to once-through, direct and indirect air-cooling systems on water withdrawal and 
consumption, and power penalty has been investigated too. The hybrid configurations are: 
a ACC-CT in parallel hybrid cooling system (ACTD), a ACC-CT in series hybrid cooling 
system (ACTS), direct ACC-wet cooling in parallel hybrid system (DACW), and an 
indirect air-CT parallel hybrid cooling system (IDACT). The only conventional 
investigated hybrid cooling system in literature works regarding the impact on water usage 
and power penalty is the DACW configuration. Thus, the novelty of the present work is 
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investigating the effect of the other three configurations and compare the results with the 
conventional one (DACW). The study has conducted for hybrid cooling systems with and 
without PCCC effect. The COCO.3.3 software was employed to perform simulations, and 
an EXCEL workbook interface was enabled in the software to develop all the required 
calculations for water requirements and power penalty estimates.          
3.2. The hybrid cooling system design configuration. 
          In power plants, the major portion of withdrawn water is used for the cooling system, 
to dissipate the waste heat of the power cycle in the condenser section. Conventional 
cooling systems can be classified into water cooled (wet type) and air-cooled (dry type), 
based on the cooling medium. In wet cooling systems, water consumption is a major 
concern while in dry cooling system the consumed power for running the cooling system, 
power penalty, is the main drawback. In order to benefit from the advantages of both 
systems and mitigate their drawbacks, hybrid cooling systems are proposed in which both 
wet and dry cooling systems are combined. With hybrid cooling systems, the cost and 
energy penalties of the dry cooling system and the vulnerability of water scarcity of wet 
cooling systems would be reduced. Four different hybrid system configurations are 
proposed and studied. In the first two designs, the condensation process is handled in the 
main condenser and required cooling water is supplied through parallel or series 
configuration of wet and dry cooling systems. For the other two designs, the main 
condenser is eliminated, and the condensation process is handled in downstream wet and 
dry cooling systems that are arranged in a parallel configuration. For a better comparison 
of system performance, the loading condition for wet and dry cooling systems is considered 
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equal. This equal loading is not necessarily the optimum operating condition, but it is 
considered for an unbiased comparison of system performance among the configurations 
studied.        
3.2.1. ACC-CT hybrid cooling system (ACTD) 
 In this configuration, an ACC (dry cooling system) and a natural draft cooling tower 
(CT) (wet cooling system) are arranged in a parallel arrangement. The hot cooling water 
leaving the main condenser (stream 6) is divided equally between the ACC (stream 7) and 
CT (stream 9) units. After cooling in the parallel systems, the cooling water streams merge 
and return to the condenser unit as cooling water supply (streams 10, 11, 12, 5, see Figure 
3.1.a). The total cooling load of the system depends on the cooling water flow rate and 
enthalpy changes in the cooling system.  
𝑄𝑚𝑎𝑖𝑛−𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 𝑚𝐻𝑊
. × (𝐻𝐻𝐶𝑊𝑜𝑢𝑡 − 𝐻𝐶𝐶𝑊𝑖𝑛)                                                                                                                 (1)  
         As the enthalpy change remains constant, the controlling parameter for cooling load 
adjustment is the water mass flow rate,  𝑚𝐻𝑊
. , 𝐻𝐻𝐶𝑊𝑜𝑢𝑡 is the enthalpy of the hot cooling 
water exiting from the condenser, 𝐻𝐶𝐶𝑊𝑖𝑛 is the enthalpy of the cold cooling water entering 
to the condenser. It is assumed that the cooling water mass flow is divided equally between 
both parallel dry and wet systems. Equal distribution of cooling water flow rate (fraction 
factor) is controlled in the flow splitter that is located after the main condenser. Maintaining 
equal water flow rate for parallel cooling systems, ACC and CT, results in an equal cooling 
load distribution. The split streams merge after cooling (streams 8, 10) and recirculating 
pumps (stream 12) return the cooling water supply (stream 5) to the main condenser to 
complete the cooling cycle.        
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3.2.2. ACC-CT in the series hybrid cooling system (ACTS)  
       Similar to the ACTD design, in this configuration, the condensation is handled in the 
main condenser that is cooled with circulating cooling water. The downstream wet and dry 
cooling systems are arranged in series in which the cooling water flows through each unit 
(See Figure 3.1.b). The dry cooling package (stream 7) is located before the wet cooling 
system (stream 9), and an equal loading condition is maintained via dry cooling system 
loading control. Due to the series assembly of ACC and CT units, maintaining equal load 
distribution can be achieved via controlling the ACC unit loading by regulating the air flow 
rate (stream 15).  
𝑄𝐴𝐶𝐶 = 𝑚𝐶.𝑎𝑖𝑟
. × (𝐻𝐶.𝑎𝑖𝑟𝑜𝑢𝑡 − 𝐻𝐶.𝑎𝑖𝑟𝑖𝑛)                                                                                       (2) 
Where 𝑄𝐴𝐶𝐶 is the removed cooling load in the ACC, 𝑚𝐶.𝑎𝑖𝑟
.  is the cooling air mass flow 
rate, 𝐻𝐶.𝑎𝑖𝑟𝑜𝑢𝑡 is the hot cooling air form the ACC, 𝐻𝐶.𝑎𝑖𝑟𝑖𝑛 is the cold cooling air to the 
ACC.   
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a) Hybrid cooling system with a parallel ACC and CT units (ACTD). 
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b) Hybrid cooling system with ACC and CT units in the series (ACTS) 
Figure 3.1: Hybrid cooling system configurations with the main condenser and 
circulating cooling water. 
 
3.2.3. Direct ACC-Wet cooling hybrid system (DACW) 
 In this hybrid design, the stream leaving the low-pressure (LP) turbine (stream 2) 
is directly fed to the cooling modules. The stream (saturated steam and water mixture) is 
divided between the ACC and wet cooling system (streams 16, 3) without passing through 
any intermediate condenser heat exchanger except in the wet cooling system where a 
condenser is included in the wet cooling system, thus, the condensation process is handled 
within the cooling packages (streams 17, 4, see Figure 3.2.a). The phase change process 
(condensation) is handled at a constant temperature. The main difference in design 
parameters for the downstream cooling packages is that the hot side temperature remains 
constant throughout the cooling process. The stream leaving the LP turbine (stream 2) is a 
mixture of saturated steam and water with quality of about 91%. The downstream ACC 
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and CT units are designed in a parallel assembly, and the cooling fluid splits in a manner 
to maintain equal cooling load for each cooling unit. The generated condensates leaving 
the cooling packages are mixed and returned to the condensate polishing plant for restarting 
the steam cycle. Equal cooling load distribution is controlled via the distribution of the 
flow rate of cooling fluid.      
3.2.4. Indirect Air- CT hybrid cooling system (IDACT) 
     Similar to the DACW design, the stream leaving LP turbine (stream 2) is fed directly 
to the downstream cooling packages in the IDACT hybrid design. The condensation 
process is handled within the indirect dry and wet cooling systems unit. The indirect ACC 
unit is considered in parallel with CT cooling unit (see Figure 3.2.b). For the indirect ACC, 
a direct contact cooler (DCC) unit is used for phase separation and spraying the return 
condensate from ACC package for direct contact cooling and condensation of accumulated 
steam (streams 3, 9). The separated steam is fed to the ACC (stream 5) for condensation 
and returned condensate is sprayed in the DCC section (streams 6, 7, 8, and 9), the collected 
condensate (stream 10) is merged with wet cooling condensate (stream 12), and the whole 
stream is returned to the condensate polishing plant for steam cycle resumption. 
       Economically, the four proposed configurations need furthermore separated scientific 
work to be investigated to figure out the most feasible design. However, Zhai & Rubin [7] 
and Balogh & Szabo [27] have investigated the third and the fourth configurations 
respectively from economic point of view where LP stream is distributed between both dry 
direct and wet cooling systems in the third one and between the indirect dry and wet cooling 
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system in the fourth one in CCPP (Combined Cycle Power Plant) as being shown in the 
table below.    
Table 3.1. comparing the cost saving the indirect dry and wet hybrid, based wet cooling 
system [27], and the direct dry and wet hybrid cooling systems [7]. 
Direct Dry and Wet Hybrid 
Cooling System [7] (Third 
Configuration) 
Indirect dry and wet hybrid cooling 
system (Heller) [27] (Fourth 
Configuration) 
Based Wet 
Cooling System 
-4 m $ = -3.56 m € (Gain) -1.929 m € (Gain) +9.653 m € (Cost) 
   
       Table 3.1. shows that using the third configuration leads to save 3.56 m € annually 
comparing to the based integrated cooling system (wet cooling technology) while cost 
saving is reduced with using the fourth configuration. This finding is expected because the 
fourth configuration has more piping system and construction than the third one. 
Furthermore, maintenance and operation costs for the fourth one is much higher than the 
third one [28]. Regarding the first and the second proposed configurations where the heated 
cooling water would be distributed equally between both cooling systems instead of 
distributing the LP stream, it has been expected that the cost would much lower than the 
third and the fourth once. This is likely expected because in the third and the fourth 
scenarios the distributed LP stream has a high vapor content. Consequently, pipes and heat 
exchangers biofoulings are expected, and maintenance and operation cost are increasing as 
a result.     
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Figure 3.2. Hybrid cooling system configurations with condensation in cooling packages.  
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3.3. Mathematical and Governing Equations. 
       The main governing equations, which are involved in the calculations of the present 
study, are divided into three parts; calculations of steam cycle, calculations of gas cycle, 
and calculations of the cooling system.  
        In the gas cycle, the main governing equations are the equations that involve 
calculating gas net produced power and cycle efficiency where:  
𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 = 𝐺𝑎𝑠 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑃𝑜𝑤𝑒𝑟 − 𝐴𝑖𝑟 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑃𝑜𝑤𝑒𝑟   
 = (𝑚𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑒𝑑−𝐹𝑢𝑒𝑙
. × (ℎ𝑔.𝑖𝑛 − ℎ𝑔.𝑜𝑢𝑡)) - (𝑚𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑−𝑎𝑖𝑟
.  × (ℎ𝑎𝑖𝑟.𝑜𝑢𝑡 −  ℎ𝑎𝑖𝑟.𝑖𝑛))          
(3) 
𝐺𝑎𝑠 𝐶𝑦𝑐𝑙𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟
(𝐹𝑢𝑒𝑙 𝐻𝑒𝑎𝑡𝑖𝑛𝑔 𝑉𝑎𝑙𝑢𝑒(𝐻𝑖𝑔ℎ,𝑜𝑟 𝐿𝑜𝑤)×𝑚𝑓𝑢𝑒𝑙.𝑚𝑎𝑠𝑠.𝐼𝑛𝑙𝑒𝑡
.                                 (4) 
       The main equations in the steam cycle calculations are:  
 𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 = 𝐻𝑃 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟 + 𝐼𝑃 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟 + 𝐿𝑃 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑝𝑜𝑤𝑒𝑟              
(5)                           𝑊ℎ𝑒𝑟𝑒 ∶ 
𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑃𝑜𝑤𝑒𝑟 =  𝑚𝑓𝑒𝑒𝑑.𝑆𝑢ℎ.𝑆𝑡𝑚
.  × (ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)                                                                 (6) 
The steam cycle efficiency is equal to: 
𝜂𝑠𝑡𝑒𝑎𝑚 =  
𝑇𝑢𝑟𝑏𝑖𝑛𝑒𝑠 𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛
   
Where: 
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛 is the heat input to 𝐻𝑅𝑆𝐺 𝑠𝑦𝑠𝑡𝑒𝑚  and this is equal to: 
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛 =  𝑚𝑔𝑎𝑠.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑖𝑛
. × (ℎ𝑔.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑖𝑛 − ℎ𝑔.𝑓𝑢𝑒𝑙.𝐻𝑅𝑆𝐺.𝑜𝑢𝑡)                                            (7) 
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       In case of integrating CC unit, 𝜂𝑠𝑡𝑒𝑎𝑚 is expected to be increased and the equation will 
be:  
𝜂𝑠𝑡𝑒𝑎𝑚.𝐶𝐶𝑆 =  
𝑇𝑢𝑟𝑏𝑖𝑛𝑒𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 −𝑇ℎ𝑒 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 𝑏𝑒𝑐𝑎𝑢𝑠𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 𝐶𝐶𝑆 𝑢𝑛𝑖𝑡 
𝑄𝐻𝑅𝑆𝐺.𝑖𝑛−𝑄𝑐𝑐𝑠 ( 𝑇ℎ𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 ℎ𝑒𝑎𝑡 𝑓𝑜𝑟 𝑡ℎ𝑒 𝐶𝐶𝑆 𝑟𝑒𝑏𝑜𝑖𝑙𝑒𝑟)
            (8) 
       Where 𝑚., 𝜂𝑠𝑡𝑒𝑎𝑚, ℎ, 𝑎𝑛𝑑 𝑄 are mass flow rate, efficiency, enthalpy, and heat duty 
respectively. Regarding the cooling system, number of calculations have been shown in 
the previous sections, the remain evaporative cooling calculations are shown in the next 
sections.   
3.4. Results and discussion 
3.4.1. Validation  
 Numerical simulations were conducted using the COCO.3.3 software for a 
complete NGCC power cycle together witch auxiliaries, including the cooling system. 
Peng Robinson property method was used as an Equation of State (EOS) to calculate the 
physical properties of gases. The calculations were performed for the processed feed water 
and steam using the IAE steam property method. A closed cooling system type was 
considered for the cooling section. The cooling tower was modeled using an equilibrium 
RADFRAC block with a design temperature of 15.5oC according to the reference case. 
Using the RADFRACK block as a tower was first used by Queiroz et al [29] with the 
following assumptions: 
1- A Non-Random Two Liquid (NRTL) property method has been set to calculate 
thermophysical properties.  
2- Murphree Efficiency was set to calculate the ideality of the phases at each stage as: 
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𝐸𝑓𝑓𝑖,𝑗
𝑚 =
𝑦𝑖,𝑗−𝑦𝑖,𝑗+1
𝑦𝑖,𝑗
∗ −𝑦𝑖,𝑗+1
                                                                                                                                    (9)   
Where 𝐸𝑓𝑓𝑖,𝑗
𝑚 represents Murphree efficiency, y represents the vapor phase for component 
i at stage j according to Joao A. Queiroz’s notation [29]. 
A validation test was conducted using a reference 630 MW NGCC plant with a 
closed cooling system, as documented in the 2015 NETL’s report [30]. The combined cycle 
includes a gas turbine package with a 422 MW capacity. The flue gas leaves the gas turbine 
package at 603 ̊C before entering a downstream Heat Recovery Steam Generator (HRSG) 
package. The heat of the flue gases is recovered in the HRSG to generate superheated steam 
for the combined steam cycle. Generated steam expands in three pressure level steam 
turbines (HP, IP and LP) for completion of the combined Rankine cycle. The steam leaving 
the LP turbine is condensed in a main condenser unit, which is cooled with a closed loop 
cooling system.  
           The results of the validated simulation of the referenced plant and cooling system 
are provided in Tables 3.2 and 3.3. The results predicted by the present study are in good 
agreement with the documented values in the NETL report [30]; indicating the model and 
method utilized are validated.              
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Table. 3.2. The results of simulations for the actual NGCC plant referenced in the NETL 
report [30]. The predicted results are compared to those documented in NETL report 
[30]. 
DESCRIPTION NETL report reference case Simulation results 
Gas Power (MW) 422 422.3 
  Fuel-Gas-Flow-Rate (kg/s) 23.37 23.37 
Steam Power (MW) 219 219.95 
Gross Electric Power (MW)   641 642.25 
Net Electric Power (MW)   630 630.25 
Air in Mass Flow Rate (Kg/s) 1,006.32 1,006.32 
Mass Flow Rate to HRSG (Kg/s) 1,029.7 1,029.69 
Temperature of HRSG Inlet (oC)   603 603.12 
Steam Cycle Efficiency 39.1% 39.2% 
Gas Cycle LHV Efficiency 38.1% 38.3% 
Gas Cycle HHV Efficiency 34.5% 34.5% 
LHV Net Efficiency 57.0% 57.1% 
HHV Net Efficiency 51.5% 51.6% 
HP Turbine Temperature (oC) 565.55 565.56 
IP Turbine Temperature (oC) 565.55 565.56 
LP Turbine Temperature (oC) 272.22 272.23 
 Condenser Temperature (oC)   38.33 38.33 
 
Table. 3.3. Simulation results for the cooling system of the reference NGCC plant. 
Predicted results are compared against those documented in the NETL report [30].  
Parameter NETL reference case  Simulation 
results 
Condenser Duty (GJ/hr) 
Water Consumption (gal/min)/MWnet 
Water Withdrawal (gal/min)/MWnet 
Inlet Temp. of Condenser (oC) 
Outlet Temp. of Condenser (oC) 
Tower Exit Temperature(oC) 
1,281 
3.3 
4.2  
16 
27 
15.5 
1,345.0 
3.2 
4.2 
16 
27.3 
14.7 
 
3.4.2. Comparison among the hybrid cooling system configurations 
          The proposed hybrid cooling system configurations were simulated, and 
performance criteria regarding water consumption, water withdrawal, and power penalty 
were compared. The power penalty, which has been considered in the calculations of the 
present study, is the consumed power through air fans and water pumps of the cooling 
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system. Water withdrawal and consumption amounts in this study represent the amount of 
water that would be made up to the tower as a result of evaporative, drift, and blowdown 
losses. The following assumptions were considered in the simulations:  
- A constant ambient air condition was considered, representing a 10.8 oC wet bulb 
temperature and 60% relative humidity. 
- A natural draft tower was considered for all simulations to reduce power penalty. 
- The cooling water inlet temperature was set at the design tower temperature 
- The air to water ratio in the cooling tower was set to 0.803 according to Queiroz 
[29] 
- The approach temperature for all heat exchangers was set to not exceed 6 ºC. 
      For the performance comparison of the four proposed hybrid configurations, it was 
assumed that the cooling load is divided equally between the dry and the wet cooling 
systems for all design configurations. The amount of withdrawn and consumed water and 
the power penalty of the hybrid cooling configurations considered in this study are listed 
in Table 3.4 and depicted in Figure 3.3. It is demonstrated that the IDACT yields the lowest 
amount of raw water withdrawal, raw water consumption, and power penalty with 2.038 
(gal/min)/MWnet. 572 (gal/min)/MWnet and 12.19 MW, respectively. The IDACT is found 
to be the best hybrid cooling system compared to the other proposed hybrid cooling 
systems. However, despite having the best performance, IDACT cooling system is a cost-
effective design due to a number of additional equipment added [28], [31]. Having more 
equipments increases both capital and O&M costs. Also, the large dependence of the dry 
cooling system to the ambient conditions should be considered as one of the intrinsic 
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drawbacks of the system. It is important to note that the water rates are within close range 
for four hybrid systems within 6.5% deviation which represents the difference between 
each value at each case as shown in Figure 3.3. The rate of water consumption and 
withdrawal per net generated power (gal/min)/MWnet) depends on the power penalty. An 
increase in the power penalty leads to a decrease in the net power; consequently, it increases 
the rate of required raw water per net generated power where net generated power is 
calculated from: 
Net generated power = Plant gross power – Auxiliary load                                                     (10)  
  Table. 3.4. Comparison of raw water withdrawal, water consumption, and power penalty 
among proposed hybrid cooling systems for the reference NGCC plant.  
Parameter 
ACC + CT 
(Parallel)  
ACTD 
ACC + CT  
(Series)  
ACTS 
Direct ACC 
+ CT 
(Parallel)  
DACW 
Indirect 
+ CT 
(Parallel)  
IDACT 
Raw Water Withdrawal 
(gal/min)/MWnet 
2.18 2.14 2.10 2.04 
Raw Water Consumption 
(gal/min)/MWnet 
1.68 1.65 1.61 1.57 
Power Penalty (MW) 25.68 13.88 24.55 12.29 
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Figure 3.3. Comparison of the proposed hybrid cooling system configurations in terms of 
water consumption, water withdrawal and power penalty. 
 
3.4.3. The effect of retrofitting cooling system. 
        The performance of the most effective hybrid cooling system (IDACT) was compared 
to the conventional cooling systems in Figure 3.4. The open through system, closed-loop 
wet cooling system, direct dry cooling system, and indirect dry cooling system were the 
selected conventional cooling systems for the comparison analysis. There is no water 
withdrawal and consumption for dry cooling systems (both direct and indirect) while they 
have a high-power penalty as the cooling requires maintaining an air flow rate.   
        The comparative percentage of water withdrawal and consumption is depicted in 
Figure 4a to avoid the disparity in water withdrawal amount between the open-through 
system and the other conventional cooling systems.      
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a) The water withdrawal and consumption for conventional cooling systems and IDACT 
hybrid cooling design. 
b) The power penalty for conventional cooling systems and IDACT hybrid cooling 
design. 
Figure 3.4. Comparison of raw water withdrawal and consumption (water 
consumption for open-through system = 1% of the total withdrawal for the open-
through condenser (Rutberg [32])) for conventional cooling systems and IDACT 
hybrid design.  
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         The largest water withdrawal is obtained for the open-through cooling system. The 
water rate, 183.3 (gal/min)/MWnet, is consistent with the value documented in the NETL 
report. This relatively high value of water withdrawal is due to the limited admissible 
temperature difference between cooling water supply and return that requires a higher flow 
rate to handle the related cooling load. On the other hand, the open-through cooling system 
has the lowest power penalty, and the dry direct cooling system has the highest power 
penalty among the conventional cooling systems considered. This is due to the fact that a 
dry direct cooling system uses air as a cooling medium while the open-through cooling 
system is a water-based system. The heat capacity of water is about four times greater than 
that of air, and the compressibility factor of air is much greater than the corresponding 
value for water; leading to more power consumption in the dry system as compared to the 
wet system. The open through the cooling system has a positive impact on raw water 
withdrawal and consumption. Although the open-through cooling system has no or little 
water consumption, it has a significant environmental impact. The admissible temperature 
difference between cooling water supply and return temperature in the open-through 
system is 11oC Scanlon et al [33]. Any further increase in return water temperature will 
result in a temperature rise of the water resource.  The source temperature rise is strictly 
limited to 1.5oC [34].  Exceeding these critical limits will result in “thermal pollution” 
causing profound environmental side effects Rutberg [32] and Caissie et al [35]. Regarding 
the performance of dry cooling systems, the power penalty for the indirect cooling system 
is nearly half of that of a direct cooling system. In an indirect dry cooling system, the steam 
leaving the LP turbine is condensed in the ACC and returned to the Direct Contact Cooler 
(DCC) where the cooled returned condensate is directly sprayed into the stream resulting 
62 
 
in more steam phase condensation. This configuration leads to a reduction of required air 
flow rate and thus reducing required fan power according to the ideal gas law: 
𝐹𝑎𝑛 𝑃𝑜𝑤𝑒𝑟 = 𝑃𝑟 × (∆𝑉𝑜𝑙)                                                                                             (11) 
𝑃𝑟 × 𝑉𝑜𝑙 = 𝑀𝑎𝑠𝑠 × 𝑅 × 𝑇                                                                                                         (12) 
Where Pr is air pressure, Mass is air mass flow rate, T is temperature, and R is the universal 
gas constant. It is shown that the IDACT configuration has the lowest value of water 
withdrawal and consumption, as well as power penalty, as compared to the other 
conventional cooling systems. The power penalty of IDACT is about half the amount of 
power penalty for the DACW configuration, which confirms that IDACT is the best option 
in terms of both water consumption and power saving.   
3.4.4. The effect of PCCC integration on cooling system. 
3.4.4.1 Validation with PCCC integration. 
        Reducing the negative impact of NGCC power plants on global warming requires 
removing carbon dioxide gas from the flue gas stream leaving the HRSG system. CO2 gas 
has the largest contribution to greenhouse gases (GHG). In order to remove CO2 from the 
flue gas leaving the HRSG package, a separate PCCC needs to be considered. In CC unit, 
the flue gas is cooled down to 35.85 oC within a heat exchanger before the absorber section. 
Temperature control of the flue gas is necessary to prevent solvent degradation inside the 
absorber [36].  A FD fan (forced draft fan) is used to pressurize the flue gas stream in order 
to maintain the pressure in the absorber at a certain design level and compensate the 
pressure drop throughout the process. In the absorber unit, a new way has been used in the 
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carbon capture simulation where the lean solvent stream and the flue gas enter the absorber 
having two stages. In the first stage, the mainstream of the absorber enters a chemical 
compound splitter.  In the present model, the mole fraction of each compound was set 
according to the NETL report to get the same value of the parameters listed in the report 
(see Table 3.5 and Table 3.6). Then, the absorption stage was set by absorbing the CO2 by 
an MEA solvent, where the MEA is a 15 wt.% of the MEA-Water mixtures, and the CO2 
mole /MEA mole loading was about 0.314. A regenerative heat exchanger is used in the model 
to heat the rich solvent leaving the absorber by the hot lean solvent that comes from the 
stripper at about 116oC. After passing the regenerative heat exchanger, the rich heated 
solvent is fed to the stripper in which the stream is further heated to release the absorbed 
CO2. The released CO2 is collected and fed to a compressor package for delivery to a 
disposal facility. The flow diagram of the considered PCCC is based on the NETL report 
[30], and it is provided in Figure 3.5. The stripper column has a built-in re-boiler heat 
exchanger in which the heat of extracted steam from the LP turbine is used for heating the 
solvent for the regeneration process.   
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Figure 3.5. The PCCC process flow diagram.        
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Table. 3.5. Parameters of the integrated PCCC compared to the corresponding values in 
the NETL report [30]. 
Parameter                                                                                                                                                                                NETL Report -
2015 
The current
Study 
Steam Power (MW) 
Net Power (MW) 
Net HHV Efficiency% 
Net LHV Efficiency% 
CO2 Mass Flow Rate enters to the Compressor (Ib/hr) 
Capture Rate % 
Gas Mass Flow rate in the Sack (Ib/hr) 
179 
559 
45.7 % 
50.6 % 
448,649 
90 % 
7,514,952 
178.12 
559.46 
45.777 % 
50.72% 
448,624.11 
90.10% 
7,529,198.10 
 
Table. 3.6. Component fractions of the integrated PCCC compared with the 
corresponding values in the NETL report [30]. 
     Component  NETL Report 
-2015 
The present 
Study 
H2O fraction in the stream that enters the PCCC 
CO2 fraction in the gas in the stack 
H2O fraction in the gas in the stack 
N2   fraction in the gas in the stack 
O2   fraction in the gas in the stack 
CO2 fraction in the Stream from Stripper to Compressor 
H2O fraction in the Stream from Stripper to Compressor 
CO2 fraction in the Stream that enters the PCCC 
0.0841 
0.0042 
0.0468 
0.8054 
0.134 
0.9824 
0.0176 
0.0391 
0.0841 
0.00418 
0.0497 
0.803 
0.1335 
0.982 
0.0178 
0.39  
  
3.4.4.2. Impact of PCCC integration on hybrid cooling system. 
        In this section, the performance of the four hybrid configurations including the 
incorporation of a PCCC to the NGCC plant is summarized. To supply the required heat 
duty when the PCCC is integrated into the IDACT hybrid system, the PCCC heat duty is 
processed by using a direct dry cooling system. The total amount of heat load removed 
by both direct and indirect dry cooling system is equal to the total amount of heat 
removed by the cooling tower. Thus, the cooling load is equally divided between both 
the dry and wet cooling systems. To evaluate the evaporative mass loss properly, an 
empirical correlation, developed by Perry and Green [37] is utilized:   
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 𝑚𝑒𝑣𝑝.𝑙𝑜𝑠
. = 0.00085 × ∆𝑇𝑡𝑜𝑤𝑒𝑟 × 𝑚𝑐𝑤𝑐𝑑𝑠𝑟
. × 1.8                                                 (13) 
Where 𝑚𝑒𝑣𝑝.𝑙𝑜𝑠
.  is the evaporated water loss through the tower, ∆𝑇𝑡𝑜𝑤𝑒𝑟, is the 
temperature difference across the tower, and 𝑚𝑐𝑤𝑐𝑑𝑠𝑟
.  is the cooling water mass flow rate 
across the condenser. Drift losses was assumed to be 0.1% of the cooling water mass 
flow rate. The blowdown losses rate can be calculated according to the NETL report [30] 
as: 
𝐵𝑙𝑜𝑤𝑑𝑜𝑤𝑛 =  
𝑚𝑒𝑣𝑝.𝑙𝑜𝑠
.
𝐶𝑂𝐶−1
                                                                                                       (14)  
Where COC represents a number of cycles of concentrations. Cycles of concentrations 
can be calculated according to EDF [38]: 
𝐶𝑂𝐶 =  
𝐶𝐵
𝐶𝑀
                                                                                                          (15) 
Where CB represents the concentration of solids and salts in the blowdown and CM is 
the concentration in the makeup water. 
       The results related to water consumption, water withdrawal and power penalty for the 
four proposed hybrid cooling systems, including PCCC integration, are listed in Table 3.6 
and depicted in Figure 3.6, for comparison. The ACTS has the lowest water usage with 
3.789 (gal/min)/MWnet and 2.841 (gal/min)/MWnet for water withdrawal and 
consumption, respectively. The part of the PCCC heat duty was separated and distributed 
equally between the dry and wet cooling system. Hence, the water circulation rate is 
slightly less than the corresponding cooling system without integrated CC unit. Despite 
having slightly higher water consumption, the IDACT system with integrated PCCC has a 
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much lower power penalty, 15.177 MW, compared to the other hybrid cooling 
configurations. The integration of PCCC nearly doubles the water withdrawal and 
consumption of the proposed hybrid cooling system configurations, as shown in Figures 
3.6 a and b. The results presented here are consistent with the results reported in related 
references [3], [39] and [40]. As shown in Figure 3.6 c, integration of the PCCC increases 
the power penalty significantly in all hybrid cooling system configurations, except in the 
IDACT design which was selected as the most effective cooling system without PCCC 
integration. This is due to the fact that the condenser duty in the IDACT case is reduced by 
about 30% percent when carbon capture is included, since the extracted steam from the LP 
turbine used in the stripper re-boiler results in decreasing the cooling air mass flow rate in 
the indirect cooling system. Moreover, the PCCC waste heat is not dissipated by the DCC 
and ACC in the indirect dry cooling system for the IDACT design, instead it is drawn from 
the hot gases, and there is no vapor content to be extracted in the DCC. The PCCC waste 
heat when removed by a closed cooling system, where the water is the only cooling media; 
results in a further decrease in the power penalty as compared to the air-cooled systems. 
The small amount of waste heat, not exceeding 18%, is added to the direct dry cooling 
system to distribute heat equally between both the dry and wet cooling systems.  Thus, a 
small power penalty is added to the case without CC unit. As a result, the power penalty 
for IDACT with integrated PCCC is only 3 MW higher than the design case without carbon 
capture, as listed in Table 3.7 and depicted in Figure 3.6 c.      
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Table. 3.7. Raw water withdrawal, water consumption, and power penalty of hybrid 
cooling systems with integrated CC unit.  
Parameter ACTD ACTS DACW IDACT 
Raw Water Withdrawal (gal/min)/MWnet 3.933 3.789 3.884 3.905 
Raw Water Consumption (gal/min)/MWnet 2.946 2.841 2.913 2.928 
Power Penalty (MW) 41.878 22.641 36.208 15.177 
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b) Raw water consumption. 
 
c) The effect of adding PCCC on power penalty for the proposed hybrid cooling 
configurations. 
Figure 3.6. Comparison of water withdrawal, water consumption and power 
penalty among proposed hybrid cooling systems considered in this study.  
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3.4.4.3. Comparison of IDACT hybrid design against conventional cooling systems 
with and without CC unit. 
       In this section, the performance of the conventional cooling systems with integrated 
PCCC is reported, and the results are compared with the results of the IDACT hybrid 
design.  As it is expected, dry direct and indirect cooling systems have no withdrawn water. 
The amount of water withdrawal doubles with PCCC integration for the open-through 
cooling, closed cooling, and the hybrid cooling system. Figure (3.7 a) depicts the 
percentage of water withdrawal with and without PCCC integration. The percentage of 
water withdrawal is plotted to avoid the disparity between the open-through system and 
the other conventional systems.  
        There are small gains in water usage as indicated by the negative amount of raw water 
withdrawal for open through, direct and indirect dry cooling systems with integrated CC 
unit, as illustrated in Figure 3.7 b. The gain in the withdrawn water with a PCCC has a 
positive impact of on the total amount of water coming from the condenser in the DCC part 
of the CC unit, which cools the flue gas before entering the absorber. This finding is 
consistent with the results of Magneschi et al [16]. The amount of water gain is small 
compared to the added heat by the Re-boiler, but it could still be retreated and reused 
together with process condensate. The power penalty of the conventional cooling designs 
doubles when the PCCC is integrated (see Figure 3.7 c). The significantly large increase in 
power penalty for conventional cooling systems with PCCC integration makes the IDACT 
hybrid design more attractive.  
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a) Raw water withdrawal with and without CC unit. 
b) Raw water consumption with and without CC unit.   
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c)  Power penalty with and without CC unit. 
Figure 3.7.  Water withdrawal, water consumption and power penalty for conventional 
cooling systems and the IDACT hybrid cooling design.  
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influence on reducing the required cooling air amount and related power penalty, but it is 
not applicable for flue gas cooling. 
3.5. Conclusions. 
       Four different hybrid cooling systems configurations have been proposed and 
investigated in this study regarding their impact on water withdrawal and consumption, 
and power penalty for a NGCC power plant; ACTS, ACTD, DACW, and IDACT. The 
novelty is concentrated on investigating these parameters for the ACTS, ACTD, and 
IDACT configurations and compare the results against the most considered studied one in 
the literature (DACW). Constant tower inlet temperature, constant approach temperature, 
and constant air to water ratio parameter are considered for simulations. The cooling load 
is distributed equally between the wet and dry systems in the proposed hybrid cooling 
configurations. Natural draft cooling tower with 0.1% draft losses has been assumed in the 
cooling system to minimize power penalty. It has been  demonstrated that among the 
proposed hybrid cooling systems, the IDACT is the best performing configuration with 
water withdrawal and consumption amounting to 2.038 (gal/min)/MWnet and 1.573 
(gal/min)/MWnet, and power penalty of 12.29 MW. The IDACT hybrid system has been 
compared with the other conventional types of cooling systems regarding performance 
parameters. It was shown that the IDACT configuration outperforms the conventional 
cooling systems. The effect of PCCC integration on cooling system performance was also 
studied for all proposed hybrid design configurations. Despite not having the least levels 
of water withdrawal and consumption when a PCCC is integrated with the IDACT design, 
it is still the best configuration due to having much lower power penalty compared to the 
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other designs. The IDACT performance with PCCC integration was calculated 3.9 
(gal/min)/MWnet, 2.928 (gal/min)/MWnet, and 15.177 MW for water withdrawal, 
consumption, and energy penalty, respectively. The PCCC integration doubles the amount 
of water withdrawal and consumption from the plant for all types of designs except dry 
cooling systems, as compared to without the PCCC case. Additionally, there is a small 
amount of water that would be gained from the PCCC in the DCC part of cooling the flue 
gas before entering the absorber and cooling the CO2 gas after the stripper. These water 
savings can be retreated and reused again to decrease the total amount of the consumed 
water. The mathematical model and numerical method employed in this study were 
validated using a reference NGCC plant with and without CC unit, as documented by 
NETL report [30].   
       As future work, a parametric study of the best hybrid cooling system design should be 
analyzed to form the basis for plant system design optimization. Also, due to the difference 
in temperature of the required cooling for the condenser and CC unit, the condenser cooling 
return can be used as a cooling source for the PCCC heat exchanger which would 
considerably reduce the amount of required water. This can be considered for future 
improvement of the proposed hybrid cooling system. Furthermore, an economic 
investigation should be studied extensively for the proposed configurations to figure out 
the most feasible design economically  
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Abstract 
       Reducing water requirement in power plants is absolutely a necessity nowadays, 
especially in regions that suffer from water scarcity. This can be achieved by implementing 
optimizing strategies that cover the plant’s cooling system. The purpose of the present 
study as to develop a mathematical optimizing model to determine ways to decrease water 
requirement in the cooling system of a NGCC power plant. Two cooling systems were 
investigated by using an objective function in the optimization model; a once-through 
cooling system and a hybrid indirect dry and wet cooling systems. Optimizing water 
requirements in the hybrid indirect dry and wet cooling systems at a NGCC is a novel 
concept. In addition, the impact of adding a post-combustion carbon capture (PCCC) unit 
to the NGCC was also investigated in the developed optimization model. The free source 
COCO Software was utilized in the present study to simulate the integrated power block 
with the cooling system and the PCCC, to simplify the final algorithm solution of the 
objective function. A computer code was written in Visual Basic for Application (VBA) 
language and integrated with the output data of the simulated power plant by enabling an 
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Excel Workbook sheet in the COCO software to complete the final solution of the 
optimization model. A simplified thermo-algorithm iteration was also utilized in the 
present study to solve the optimization model.  Monthly 1992 condition data from the 
Catamaran Brook river, Canada were utilized as a basis for the present calculations. Results 
show that the optimizing model works properly where all the monthly initial set of cooling 
water mass flow rates got reduced for the once-through cooling system for both cases, with 
and without integrating PCCC. For the hybrid cooling system, a parametric study was also 
conducted as a base for the optimization model, where the impact of air to water ratio 
accessing the cooling tower, humidity content, ambient air wet bulb temperature, and 
number of cycles of concentrations was investigated on water withdrawal and consumption 
at three different wet system cooling load split factors: 40% 60 and 80%. Furthermore, the 
effect of reboiler duty and carbon capture rates were studied in this work too. It was 
demonstrated that increasing air to water ratio leads to increase water usage in the system. 
In contrast, increase the humidity content and ambient air wet bulb temperature reduce 
water requirements. After the cooling load reaches 60%, the difference in water 
requirement becomes insignificant. The increase in the number of cycles of concentrations 
reduces water losses until this number reaches 5-6 cycles, after which there is no significant 
change in the water usage values.    
Key Words: Optimization Model for Water Requirements, reduce water withdrawal and consumption in 
Power Plant, Simulation of NGCC Power Plant, The Effect of Carbon Capture Unit on Cooling System, 
Optimizing Cooling System Network, and Mathematical model for Water Losses in Cooling Tower, Water-
Energy Nexus.     
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Table B. Appreviations, Nomenclature, and Subscripts for the optimization model 
contribution.    
Abbreviations and Nomenclatures 
 
NGCC                 Natural Gas Combined Cycles  
 
HRSG                 Heat Recovery Steam Generator    
 
HP, IP, and LP         are the High, Intermediate, and Low 
Pressure   
 
IDACT               Indirect Air -Cooling Tower Hybrid System  
 
DCC                   Direct Contact Cooler  
 
PCCC                 Post-Combustion Carbon Capture  
 
Q. or q                Heat Duty 
 
HR                      Heat Rate  
 
m
.
                        Mass Flow Rate. 
 
h                          Enthalpy  
 
Enet                                Electricity  
 
C                          Heat Capacity  
 
T                           Temperature.  
 
𝜂                           Efficiency  
 
P                            Power                                   
 Subscripts  
 
𝐶𝑜𝑛𝑠 − 𝑖𝑛, 𝑜𝑟 𝑜𝑢𝑡  Condenser inlet or 
outlet 
 
t                      Thermal  
 
Waste               Waste Heat  
 
P                 refers to Specific Heat at 
constant Pressure 
 
evp                    Evaporated Losses 
 
rej                     Rejected Heat 
 
mu                     Makeup Water  
 
COC                  Cycle of Concentration 
 
bld                     Blowdown losses  
 
LSC                   Lean Solvent Compound  
 
FG                     Fuel Gas 
 
w      Water 
 
Superscripts 
 
TPP                  Thermal Power Plant  
 
 
Max                   Maximum 
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4.1.Introduction. 
       Water-energy nexus, the relation between water and power generation and 
consumption, has been gaining an increasing attention recently by scientists and policy 
makers, Globally, 3% of fresh water is consumed and 10% of it is withdrawn for electric 
power generation [19]. While 90% of electric power in the U.S. comes from thermoelectric 
power generation [20], 45% of the facilitated water is used through power production 
process [21], 50% of the utilized water is used as a cooling heat transfer fluid [22]. As the 
population is increasing, the need for more energy production is increasing consequently. 
The water and energy nexus pose more challenges and opportunities with the water 
curtailment imposed by a climate change, specifically in drought regions. The new 
technologies should be adopted in the energy production sector to reduce the water usage 
and to reduce the negative impact of water curtailments. This can be exploited whether in 
minimizing water requirements by optimizing the cooling system network and regulating 
the parameters which affect the cooling water, like temperature and humidity values etc. 
Integrating carbon capture unit to power plant is necessary to mitigate the negative impact 
of CO2 emissions on climate change, but it doubles the amount of water usage in the plant 
[23] where water is required massively in number of stages through the capture and storage 
process. An optimization model has been developed to reduce water requirements in 
NGCC power plant consisting of two distinct cooling systems: (1) open-through cooling 
configuration, and (2) hybrid of indirect dry and wet cooling configuration. An addition of 
PCCC to the NGCC power plant and the use of a simple, new thermo-algorithm iteration 
for the hybrid and once-through cooling systems are original contributions of the present 
study.   
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4.2. Literature review.  
         There are a large body of published researches to study the water consumption and 
withdrawal in thermoelectric power plants. Ayoub A. et al. [1] has developed a computer 
model based on thermodynamic calculations to assess a performance of a wet cooling tower 
by analyzing its evaporation rate and water make up as a function of ambient conditions 
such as dry-bulb temperature and humidity ratio. Cost-based analysis has also been 
included in their study. Results show that the increase in humidity and dry bulb temperature 
leads to decrease the cooling efficiency in the tower causing more losses in electric power 
generation and electric cost. Juan M. et al. [2] used a BONUS stochastic optimization 
solver to minimize water requirements and maximize power output of a 700 MW coal-fired 
power plant under unconstrained ambient or weather conditions and constrained cooling 
approach. Reweighting-based algorithm was utilized to perform this nonlinear 
optimization. Juan and his colleagues documented that the fluctuation in weather 
conditions causes a variation in the plant load capacity between 5% to 10%. In addition, it 
was found that the optimization leads to increase power gain by about 245 MWh. 
Furthermore, reweighting the scheme makes the model more feasible computationally. 
Barigozzi et al. [3] investigated the effect of optimizing a hybrid dry and wet cooling 
system on performance of 80 MWe waste-to-energy cogeneration plant. Thermoflex 
software was used for plant modeling simulation and a handmade MATLAB code was 
developed to optimize the net power output. The effects of ambient temperature and 
relative humidity on the final performance of the system were investigated. Furthermore, 
the effect of district heat load and pumps and air fans loads of the cooling system on the 
net power have been included in the study. They have reported that when ambient 
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temperature is less than 15 oC, dry cooling part should have the major contribution to 
remove the waste heat, otherwise, the major cooling capacity should be exploited in the 
cooling tower to avoid the high cost of the dry cooling system and to keep the performance 
as high as possible. Laskowski et al [4] analyzed selecting an optimum mass flow rate 
amount for cooling water under variable power loads for a system that compromises three 
components; condenser performance, output power of the LP turbine part, and the 
consumed power in the cooling system pump. Two methods were chosen to analyze the 
system; minimizing the entropy generation methods for the previous three components and 
the change in the power between the LP turbine and the cooling system pump. Results 
show that the second approach is the best base to calculate the optimum mass flow rate of 
cooling water where it compromises the effects of both the change in the entropy 
generation and the temperature effect on the environmental heat transfer. Interdisciplinary 
model framework was proposed by Fernandez-Blanco et al [5] on Greece power system 
by using WATERFLEX project. The proposed model links a hydrological model 
(LISFLOOD) and a power system model (Dispa-SET) along with a medium-term 
hydrothermal coordination model (Dispa-SET-UCD) to analyze number of parameters on 
the system: generation cost, environmental impact, water amounts and availability, and 
water stress at the scenario of dry, wet, and average precipitation. Anozie and Odejobi [6] 
developed an optimization code by using Microsoft Excel Macros to determine the best 
value of cooling water mass flow rate by which the total annualized cost and thermal cycle 
efficiency, of six 220 MWe thermal power units which are located at Egbin, Lagos state, 
Nigeria, would be optimized. Their finding shows that reducing the cooling water mass 
flow rate leads to decrease the heat transfer area of the heat exchanger, consequently, the 
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total annual cost was reduced. It was also shown that the decrease in the waste heat rate 
leads to increasing the cycle efficiency by about 2%, and thus the fuel would be saved by 
about 3.8%.  
         Optimizing water cooling system network is one of most effective ways to reduce 
water requirements and increase cooling system performance in power plants. This method 
has been studied extensively. Zhang et al [7], Ma J. et al [8] and Ponce-Ortega et al [9] 
developed an optimization model for cooling system based on re-configuring the system 
network using series, parallel and combination of series and parallel configuration. The 
objective of this model is to find the best design by which the annual cost of the cooling 
system including its utilities and water make up would be minimized. Mixed-integer 
nonlinear programming was developed to optimize the model. The interaction between 
three major components of the system has been embedded in the model; cooling water 
network, wet-cooling tower and the pumping system. In the same context, Kim J. and 
Smith R. [10] had studied the series and parallel reconfiguration of the optimized cooling 
system network to characterize the pressure drop constraints, the best efficient use, and 
complexity of the cooling system network. Similarly, Sun et al [11] optimized the energy 
saving and the corresponding total annual cost of a cooling system by re-configurating the 
pumping system. The new network optimizing was performed by adding an auxiliary 
pumping system to the main unit. It was found that when the pressure head of the main 
pumping system is less than the condenser pressure, the new configuration will be feasible 
where energy would be saved, and the operation cost was reduced by 28% while the saving 
in the total cost was about 14.8%.  
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         Modifying the performance of closed-loop cooling systems and the cooling tower 
units has a direct impact on water and energy management in the plant. Techno-economic 
studies of these systems have been conducted. Lui et al [12] investigated the effect of air 
to water ratio on cooling tower performance and its related thermodynamic calculations 
with different meteorological parameters in July at Jinan, China. Lui and his colleagues 
used Merkel equation to analyze the tower performance. Smerkar et al [13] evaluated the 
performance of natural draft cooling tower in three steps; using Cooling Tower Profiler 
(CTP) method, using an empirical correlation, and developing Poppe Model. The 
commercial software IPSEpro has been utilized to model the complete power plant with 
the cooling tower and the validation was in a good agreement with the experimental data. 
Regucki et al [14] developed an analytical solution to calculate SO4+ ions concentration 
in the recirculating water of the closed loop cooling system and its associated water mass 
flow rate under different environmental conditions. They have demonstrated that 
optimizing water mass flow rate is not just reducing the consumed fresh water, but also 
reducing the cost of waste water treatment system. Numerical predictions were validated 
with experimental data. The performance of counter flow cooling tower was investigated 
under different environmental conditions by Ataei et al [15]. The mathematical model was 
developed by using exergetic analysis and heat and mass transport equations for the cooling 
water and air through the tower.     
         The effect of carbon capture and sequestration on water requirements of power plant 
has been investigated extensively as a negative impact on water stress. Harto et al [16] used 
life cycle assessment approach to study the impact of different carbon capture technologies 
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in fossil power plants on water consumption. It was demonstrated that IGCC (Integrated 
Gasification Combined Cycle) is the most efficient technology in term of water saving. 
Wavde et al [17] and Talati et al [18] investigated the future and the current policies and 
standards respectively that evolve the tradeoff between electric power generation and water 
availability-CO2 emission relationships. Wavde’s results showed that as power plants are 
retrofitted with NGCC and renewable energy technologies as well as retiring the old fossil 
and coal-fired power plants, CO2 emissions and water consumption levels would be 
decreased consequently.  
       The purpose of this study is to develop an optimization model to decrease water 
requirements in cooling system of NGCC power plant. Two systems would be investigated 
in this study: once-through cooling system, and hybrid of indirect dry and wet cooling 
systems. Wet bulb temperature, vapor content, air to water ratio, and number of cycles of 
concentrations effects on water consumption and withdrawal in the hybrid cooling system 
at different heat load split factor are included. When cooling system is retrofitted with once-
through cooling system, different optimized mass flow rates at different water surface 
temperatures and velocities are considered. The effect of PCCC in the objective function 
to optimize water requirements in the hybrid and once through cooling system have not 
been investigated. Optimizations of the hybrid and the once-through cooling system 
including PCCC are conducted. The based NGCC power plant and the integrated wet 
cooling system have been modelled by using COCO.3.3 software. The developed objective 
function and its algorithm have been performed by using an in-house code which has been 
written by using VPA language (Visual Basic for Application). One of the significant 
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contributions of the present study is the development of a unique but simple thermo-
algorithm to solve the optimization function and its implemented constraints.  
4.3. NGCC based power plant and the integrated units. 
       NGCC power plants have several advantages. CO2 emission and water requirement of 
NGCC power plants is nearly less than half of other fossil power plants [24], [25]. The 
NGCC based plant considered in this study generates a 630 MW net electrical power. This 
plant consists of three basic modules. The first is gas cycle where a compressed air and 
natural gas fuel are mixed first before entering a combustion chamber where the mixture 
fuel is combusted to 1359 oC. The combusted gases are expanded in a gas turbine to the 
ambient pressure and 603 oC temperature. Steam cycle is the second basic module which 
is being represented mainly by the HRSG system (Heat Recovery Steam Generator). The 
mixture of saturated liquid and vapor, superheated steam is generated at the different stage 
of the HRSG system by heat exchangers, economizer, evaporator, and superheater. Three 
pressure levels of superheated steam are being expanded in three turbines: HP (High 
Pressure) superheated steam in the HP turbine, IP (Intermediate Pressure) superheated 
steam in the IP turbine, and LP (Low Pressure) superheated steam in the LP turbine. Figure 
4.1 shows the three main parts of the NGCC; Gas cycle system, HRSG system, and the LP, 
IP, and HP turbines system. Table 4.1 represents the main parameters values of described 
plant.     
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Air-Compressor-IN
NG-MXR-IN NG-Turbine-IN
Air-Compressor
Combustion-Champer
Gas-Turbine
NG-Fuel-In
LP-Steam-Turbine
IP-Steam-Turbine HP-Steam-Turbine
HP-Super heater
RH-Super heater
HP-Evaporator
HP-Economizer
IP-Super heater
IP-Evaporator
IP-Economizer
LP-Super heater
LP-Evaporator
LP-Economizer
NG-FUEL-HRSG-IN
NG-FUEL-HRSG-OUT
LP-Feed-IN
IP-Feed-IN HP-Feed-IN
LP-TURBINE-IN
LP-TURBINE-OUT
IP-TURBINE-IN
IP-TURBINE-OUT
LP-TURBINE-IN
HRSG-Feed-Water
HP-PumpIP-Pump
LP-Pump
LP-TURBINE-OUTCONDNSR-OUT
Feed-Water-CNDNSR-OUT
Gland-Sea-CNDSNRl-In
Feed-Water-Pump
Gland-Seal-CONDNSR
Gland-Seal-CNDSR-OUT
Cooling-Water-In
Condenser
Cooling-Water-Out
  
Figure 4.1. Shows the three described parts of the NGCC.          
Table 4.1. Shows the main parameters values of the based NGCC.  
Gas Turbine Produced Power (MW) 422.34 
Steam Turbines Net Produced Power (MW) 219.9 
Auxiliary Loads (MW) 11.2 
Plant Net Produced Power (MW) 631 
LP turbine inlet temperature (oC)/Pressure (bar) 565.565/166.5 
IP turbine inlet temperature (oC)/Pressure (bar) 565.564/41.9 
HP turbine inlet temperature (oC)/Pressure (bar) 272.326/5.101 
Gas Cycle Pressure Ratio 31 
Gas Cycle LHV Efficiency  38.3% 
Steam Cycle LHV Efficiency  39.2% 
Plant Net LHV Efficiency  57.1% 
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4.3.1. The integrated cooling systems. 
       Cooling system plays a very crucial role to account the final water requirements and 
cooling loads to remove the waste energy of power plants. The power curtailments of the 
overall plant can be reduced and controlled based on the ambient conditions. Various 
cooling systems are utilized in power plants. Once-through cooling system is the simplest 
cooling system design where the cold water is taken from its source directly to be used in 
the once-through condenser to remove the waste heat and then returns back to its source 
with an elevated temperature. The heat gain of the source surface water temperature causes 
a thermal pollution that affects aquatic life [26]. Wet or closed cooling system is the second 
conventional type of cooling system where water is recirculated inside a loop between a 
condenser and wet cooling tower in which a considerable amount of water would be 
evaporated or lost as an evaporation, drift and blowdown losses. Dry cooling system is the 
third type of cooling system where air is being utilized as a cooling medium instead of 
using water. Although dry cooling system considers as an efficient system in term of water 
saving, its fan consumes larger amount of power than the other conventional cooling 
systems by which the net produced power is reduced. Consequently, higher cost is required 
especially in dry ambient conditions [27]. Finally, hybrid cooling system is a combination 
of dry and wet cooling system.  
       In the present study, hybrid of indirect dry and wet cooling systems (IDACT) are 
investigated regarding optimizing the cooling water mass flow rate. In the indirect dry 
cooling system, LP evaporated water from LP turbine enters first a sprayed condenser to 
extract the vapor content which equals to about 0.914 of the main streams. The extracted 
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saturated vapor steam enters an air/water exchanger to complete the cooling process. 
Figure. 4.2 (a, b) depicts configurations for the integrated once-through and hybrid cooling 
systems.      
LP-TRBN-IN
LP-Stream-Condenser-IN  
LP-Stream-Condenser-OUT
Recirculated-Water-Tower-Out 
Cooling-Water-Condenser-In (Cold Water) 
LP-Turbine
Wet-Tower-Condenser
Cooling-Tower
Cooling-Air-In
Saturated-Air-Out 
DCC-Part-In
Cooling-Tower-Part-In 
Recirculating-Water-Dry-System-Out
Recirculating-Water-Pump
ACC-Cooling-Air-Out
Air-Contact-Cooler 
(ACC)
Make-Up-WTR 
Feed-Recirculated-Water
Recirculated-DCC-IN
Vapor-Phase-LP-STRM
Direct-Contact-Cooler (DCC)
Liquid-Condensed-Phase-Feed-Part
Direct-Contact-Cooler-DCC
Air-In
    
a) The indirect dry and wet hybrid cooling system (IDACT). 
 
LP-Stream-Open-System-Out
Open-Through-Cooling-Water-IN 
Open-Through-Cooling-Water-OUT
Condenser
Recirculated-Feed-Water
LP-STRM-IN
LP-STM-TRBN-IN
LP-TURBINE
Water 
Source
 
a) Once through cooling system. 
Figure 4.2. shows the integrated cooling systems to the NGCC, a) hybrid cooling system, 
b) Once through cooling system.    
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4.3.2. The integrated carbon capture unit (PCCC). 
       To mitigate the negative impact of thermoelectrical power plants on global warming, 
carbon capture unit would be integrated to the plant to reduce CO2 emission. The carbon 
capture system is classified regarding its positions from the combustion chamber; pre-
combustion, post-combustion, and oxy-combustion [28]. Fuel is reacted with air or oxygen 
in the pre-combustion technology to generate what is called by syngas which represents a 
mixture of CO2 and H2, and CO2 is separated by using an absorbent where the separated H2 
would be sent to be used in the industrial sector [29]. On the other hand, fuel is separated 
form air and purified from Nitrogen in a separation section in the oxy-combustion 
technology to get CO2 gas and water vapor which would be separated form CO2 in a 
compression process [28].  
       In the present study, post-combustion unit has been installed with the NGCC power 
plant.   
Purified-NG-Stack 
Lean-SLVNT-STRIPPR-OUT
Lean-SLVNT-CNDNSR-IN
LEAN-SOLVENT-ABSRBR-IN
NG-FUEL-COLG-IN
Cooling-WTR-IN
Cooling-WTR-OUT
NG-ABSRBR-IN 
NG-FUEL-HRSG-OUT
Rich-SLVNT-OUT
Rich-SLVNT-CNDSR-IN
Rich-SLVNT-STRPPR-IN
CO2-STRIPPR-OUT CO2-CONDNSR-OUT
ABSORBER
STRIPPER
NGFUEL-FAN
NGFUEL-CONDNSR
LEAN-SLVNT-CNDNSR
SLVNT-MAKE-UP
Cooling-WTR-IN
Cooling-WTR-OUT
Lean-Rich-SLVNT-
EXCHANGER
Cooling-WTR-IN
Cooling-WTR-OUT
Rich-SLVNT-PUMP Lean-SLVNT-PUMP
SLVNT-RBLR-Out
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Figure 4.3. Post-combustion carbon capture unit. 
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       The fuel gas enters first a direct contact cooler (DCC) to reduce the temperature of the 
fuel gas from 117 oC to 35 oC before entering the absorber, as shown in Figure 4.3. 
Decreasing the temperature of the fuel is necessary to avoid the degradation of the solvent 
in the absorber. In the absorber, MEA-solvent is used to extract the CO2 from the fuel gas 
where 70% to 90% percent of the CO2 in the fuel gas is extracted to be removed in the final 
stage of the capture system. A rich and strong bond chemical compound of the CO2 and 
the solvent would be generated from the extraction process in the absorber. The CO2 rich 
compound enters a heat exchanger where the rich solvent gains heat from the hot lean 
solvent which exits from stripper. The step before the final stage in the PCCC is releasing 
the CO2 gas in a stripper column where a high heat value comes from an integrated reboiler 
to break the strong bond between the gas and the solvent and to evaporate the water content 
in the compound. LP steam is extracted from the LP turbine inlet with temperature of 269.5 
oC, and pressure of 5.06 bar to be exploited in the reboiler to release the CO2 gas and the 
water content in the stripper by which an energy penalty will be caused in the produced 
power. Finally, the released CO2 is compressed and sent to its final storage. Waste heat is 
generated in the PCCC as a result of a cooling process at various stages in the PCCC by 
which the net cooling load of the plant is almost doubled and the required water usage is 
increased as a result. Cooling the fuel gas exiting HRSG unit, the lean solvent from the 
stripper, and the released CO2-water vapor mixture form the stripper are the considered 
processes in this study to calculate water requirement and energy penalties.   
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4.4. Mathematical modeling and optimization method.  
       Minimizing water requirements in the cooling system is necessary to mitigate the 
global water scarcity. To do so, the objective function by which water would be minimized 
should be derived from the first principle. Furthermore, the constrains that restrict this 
objective function should be specified and the distributions of fuel heat rate inside the plant 
has to be understood well as shown in Figure 4.4.  
 
Figure 4.4. The distribution of heat rate of fuel. 
       The major part of heat that comes from the natural gas stream, which exits from the 
gas turbine, is considered as the waste heat which should be removed by the cooling 
system. The rest of the gained heat in the HRSG system is exploited to generate the electric 
power and to be used in other processes like FGD (Fuel Gas Desulfurization) and PCCC.  
       According to the figure above and as has been stated by Rutberg [30] and Delgado and 
Herzog [31]:  
𝑞𝑐𝑜𝑜𝑙−𝑠𝑦𝑠𝑡𝑒𝑚 = (𝐻𝑅 − 𝐵) + 𝐶                                                                                                      (1)                 
where (𝑞𝑐𝑜𝑜𝑙−𝑠𝑦𝑠𝑡𝑒𝑚) represents the waste heat rate which should be removed by the 
97 
 
cooling system, HR is the gained heat from the natural gas stream in the HRSG unit. HR 
can be obtained mathematically form the equation below: - 
𝐻𝑅 =  𝑚𝑓𝑢𝑒𝑙
.  × (ℎ𝑓𝑢𝑒𝑙−𝑖𝑛 − ℎ𝑓𝑢𝑒𝑙−𝑜𝑢𝑡)                                                                                         (2) 
𝑚𝑓𝑢𝑒𝑙
.  is the mass flow rate of the natural gas fuel (kg/s) that exits from the gas turbine and 
enters the HRSG unit. ℎ𝑓𝑢𝑒𝑙−𝑖𝑛 𝑎𝑛𝑑 ℎ𝑓𝑢𝑒𝑙−𝑜𝑢𝑡 are the inlet and exit enthalpies of the natural 
gas fuel, B is a combination of the electric power output and heat that is used in other 
processes. In this study, heat that is used in other processes is only utilized in the PCCC. 
Thus: 
𝐵 = 𝐸𝑛𝑒𝑡 + 𝑞𝑐𝑐𝑠                                                                                                                               (3) 
Therefore, C in eqn. (1) represents the extracted heat to the PCCC which is 𝑞𝑐𝑐𝑠. 
       𝑞𝑐𝑐𝑠 is calculated using the approach introduced by Patrick Brandl et al. [32]. Brandl 
has used mass and heat balance at each part in the PCCC to calculate 𝑞𝑐𝑐𝑠 value. Brandl 
and his colleagues have stated that: -  
𝑞𝑐𝑐𝑠 = 𝑞𝐷𝐶𝐶 +  𝑞𝐿𝑆𝐶 + 𝑞𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 + 𝑞𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟                                                                          (4) 
where 𝑞𝐷𝐶𝐶 is the rejected heat from the DCC in the PCCC: -  
𝑞𝐷𝐶𝐶= 𝑚𝐹𝐺
. ∗ 𝐶𝑓𝑔 ∗ (𝑇𝐷𝐶𝐶.𝑖𝑛 − 𝑇𝐷𝐶𝐶.𝑜𝑢𝑡)                                                                                        (5) 
       Where 𝑚𝐹𝐺
. , 𝐶𝑓𝑔 , 𝑇𝐷𝐶𝐶.𝑖𝑛, 𝑎𝑛𝑑 𝑇𝐷𝐶𝐶.𝑜𝑢𝑡 are the gas fuel mass flow rate, specific heat, 
and its temperatures at the inlet and the outlet of the DCC respectively. 𝑞𝐿𝑆𝐶 is the rejected 
heat from the lean solvent which comes from the stripper: - 
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𝑞𝐿𝑆𝐶 = 𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡
. ∗ 𝐶𝑝𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ∗ (𝑇𝐿𝑆𝐶.𝑖𝑛 − 𝑇𝐿𝑆𝐶.𝑜𝑢𝑡)                                                                        (6) 
Where 𝑚𝑠𝑜𝑙𝑣𝑒𝑛𝑡
. , 𝐶𝑝𝑠𝑜𝑙𝑣𝑒𝑛𝑡, 𝑇𝐿𝑆𝐶.𝑖𝑛, 𝑎𝑛𝑑 𝑇𝐿𝑆𝐶.𝑜𝑢𝑡 are the lean solvent mass flow rate, 
specific heat, and its temperatures at the inlet and the outlet of the lean solvent cooling 
system respectively. 
𝑞𝐶𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 is the heat that is being rejected because of water condensing in the stripper. 
This heat is equal to (26% *total required heat energy * 𝑚𝐶𝑂2
. ) according to Brandl [32].  
𝑞𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 and the corresponding required water are not implemented in the final 
calculation because CO2 compression process is not a part of the integrated PCCC in the 
present study. 
       Thus, the final estimation of the total required cooling water in the cooling system can 
be calculated as: 
𝑞 =  𝑚. × 𝐶𝑝 × ∇𝑇𝑤                                                                                                                       (7) 
𝑚. =  
𝑞
𝐶𝑝×∇𝑇𝑤
                                                                                                                                     (8) 
Therefore,  
𝑚𝑐𝑜𝑜𝑙−𝑤𝑎𝑡𝑒𝑟
. =  
𝑞𝑐𝑜𝑜𝑙−𝑠𝑦𝑠𝑡𝑒𝑚 
𝐶𝑝∇𝑇𝑤
=  
𝐻𝑅−(𝐸𝑛𝑒𝑡+𝑞𝑐𝑐𝑠)
𝐶𝑝∇𝑇𝑤
  +   
𝑞𝑐𝑐𝑠 
𝐶𝑝∇𝑇𝑤
                                                               (9) 
       Finally, the objective function would be:  
MIN (𝑚𝑐𝑜𝑜𝑙−𝑤𝑎𝑡𝑒𝑟
. =  
𝑞𝑐𝑜𝑜𝑙−𝑠𝑦𝑠𝑡𝑒𝑚 
𝐶𝑝𝛻𝑇𝑤
=  
𝐻𝑅−(𝐸𝑛𝑒𝑡+𝑞𝑐𝑐𝑠)
𝐶𝑝𝛻𝑇𝑤
  +   
𝑞𝑐𝑐𝑠 
𝐶𝑝𝛻𝑇𝑤
 )                                                 (10) 
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       Equation (10) represents the final objective function that should be minimized. 
Equation (9), that represents the total evaluation for cooling water requirement, is highly 
consistent with what was developed by Zhai [33] except that there were number of unit 
conversion factors in Zhai’s equation because of using different unit criteria which have 
not been included in Eqs. (9) and (10).  
       The final derived objective function is restricted to number of constraints that govern 
the minimum mass flow rate value. These constraints are different for the once-through 
cooling system than the wet and hybrid cooling system because for once-through cooling 
system the total withdrawn water from its source to the condenser turns back to its source 
carrying the gained heat from the condenser while for the hybrid and wet cooling system, 
water is recirculating inside a loop between wet tower and condenser. Raw water 
withdrawal and consumption should be made up as a result of the evaporation, drift, and 
the blowdown losses and these amounts are much smaller than the amounts in the once-
through cooling system considerably.    
4.4.1. Objective function’s constraints for the once-through cooling system. 
      To consider the constraints that govern the minimized objective function, number of 
assumptions should be considered. First, full load has been set for the NGCC power plant 
through the whole day. Thus, there will be no maximum or minimum net power through 
the day. In addition, there will be no ramp up or down. 100% load capacity along the day. 
The constraints, that restrict the objective function in the once-through cooling, are the 
water source temperature values that regulate the aquatic life. Aquatic life’s environment 
should be regulated within restrictions that control river temperature change where this life 
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is highly impacted by this change. Therefore, specific limitations and policies have been 
set by the involved organizations to keep this environment within these limitations. For the 
present study, the European Fish Directive [34] policy for Salmonid water will be taken as 
constrains for the objective function where: - 
∇𝑇𝑟𝑖𝑣𝑒𝑟 ≤ 1.5(𝐶
𝑜)                                                                                                                           (11) 
𝑇𝑟𝑖𝑣𝑒𝑟
𝑚𝑎𝑥 ≤ 21.5(𝐶𝑜)                                                                                                                         (12)                   
To calculate ∆𝑇𝑟𝑖𝑣𝑒𝑟 and 𝑇𝑟𝑖𝑣𝑒𝑟
𝑚𝑎𝑥 , these values should be estimated in term of plant waste 
heat energy. If Qwaste represents the waste heat which would be removed in the condenser, 
then, according to Gjorgiev [35]: 
𝑄𝑐𝑜𝑛𝑑𝑠𝑟 =
𝑃𝑛𝑒𝑡
𝑇𝑝𝑝
×(1− 𝜂𝑡
𝑇𝑝𝑝
)
𝜂𝑇𝑝𝑝
≤ Qwaste                                                                                                   (13) 
 𝑃𝑛𝑒𝑡
𝑇𝑝𝑝
 represents the net produced power of the steam cycle while 𝜂𝑡
𝑇𝑝𝑝
 represents the 
thermal efficiency of the cycle. The relationship between 𝑄𝑊𝑎𝑠𝑡𝑒, ∆𝑇𝑟𝑖𝑣𝑒𝑟 and 𝑇𝑟𝑖𝑣𝑒𝑟
𝑚𝑎𝑥  can 
be calculated as: 
𝑄𝑊𝑎𝑠𝑡𝑒 = 𝑚𝑐𝑜𝑜𝑙−𝑤𝑎𝑡
. × 𝐶𝑝(𝑇𝐶𝑜𝑛𝑠−𝑜𝑢𝑡 − 𝑇𝐶𝑜𝑛𝑠−𝑖𝑛)                                                                          (14) 
∇𝑇𝑟𝑖𝑣𝑒𝑟 = 𝑇𝑟𝑖𝑣𝑒𝑟
𝑚𝑎𝑥 − 𝑇𝐶𝑜𝑛𝑠−𝑖𝑛                                                                                                            (15) 
𝑇𝑟𝑖𝑣𝑒𝑟
𝑚𝑎𝑥   can be calculated form simple energy and mass balance for the river.  
where:  
𝑇𝑟𝑖𝑣𝑒𝑟
𝑚𝑎𝑥 =
(𝑇𝑜𝑢𝑡
𝐶𝑜𝑛𝑑𝑑𝑒𝑛𝑠𝑒𝑟∗𝑚𝐶𝑜𝑛𝑠−𝑜𝑢𝑡
. )+(𝑇𝑖𝑛
𝑟𝑖𝑣𝑒𝑟∗𝑚𝑟𝑖𝑣𝑒𝑟
. )
(𝑚𝑟𝑖𝑣𝑒𝑟−𝑛𝑒𝑡
. +𝑚𝐶𝑜𝑛𝑠−𝑜𝑢𝑡
. )
                                                                                     (16) 
𝑚𝑟𝑖𝑣𝑒𝑟−𝑛𝑒𝑡
. = (𝑚𝑟𝑖𝑣𝑒𝑟
. − 𝑚𝐶𝑜𝑛𝑠−𝑜𝑢𝑡
. )                                                                                                (17) 
where: 
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𝑇𝑖𝑛
𝑟𝑖𝑣𝑒𝑟 = 𝑇𝐶𝑜𝑛𝑠−𝑖𝑛    
4.4.2. Objective function’s constraints for the hybrid of wet and indirect dry cooling 
system (IDACT). 
       Indirect dry cooling system and wet tower cooling system are combined in a parallel 
connection in the hybrid cooling system of the present study. No water consumption and 
withdrawal are required in the dry cooling system because air is the main cooling medium. 
Therefore, the next mathematical formulations are just involved to the wet part of the 
hybrid cooling system where raw water withdrawal and consumption should be made up 
to the system as a result of evaporation, drift, and blowdown losses. The evaporation losses 
in the cooling tower is calculated by performing energy and mass balance in the cooling 
tower. The NGCC power plant of this study has been performed by using COCO.3.3 
software where RADFRAC column is used as a cooling tower according to Queiroz [36] 
where mass and energy balance would be included in this column. According to U.S. 
Department of the Interior report [37], the expected evaporation losses would be equal to:  
𝑚𝑒𝑣𝑝
. =
𝑄𝑟𝑒𝑗
(
ℎ𝑎𝑖𝑟.𝑜𝑢𝑡−ℎ𝑎𝑖𝑟.𝑖𝑛
𝑤𝑜𝑢𝑡−𝑤𝑖𝑛
)−ℎ𝑚𝑢
                                                                                                              (18) 
𝑄𝑟𝑒𝑗 is the amount of the rejected heat in the tower (W), ℎ𝑎𝑖𝑟.𝑜𝑢𝑡, 𝑤𝑜𝑢𝑡 and ℎ𝑎𝑖𝑟.𝑖𝑛, 𝑤𝑖𝑛 are 
the specific enthalpy of air and the specific vapor content at the outlet and at the inlet of 
the tower, respectively, while ℎ𝑚𝑢 is the specific enthalpy of the makeup water. In the 
present study, Eq. (18) has been corrected by using an experimental correlation which was 
developed by Perry and Green [38] to estimate the final amount of the evaporation losses 
rate as:  
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𝑚𝑒𝑣𝑝
. = 0.00085 × ∇𝑇 × 𝑚𝑐𝑜𝑜𝑙.𝑤𝑎𝑡
.  × 1.8                                                                                      (19) 
       𝑚𝑒𝑣𝑝
.  , and ∇𝑇 represent the evaporative losses and temperature difference through the 
cooling tower respectively while 𝑚𝑐𝑜𝑜𝑙.𝑤𝑎𝑡
.  is the circulated cooling water mass flow rate. 
Drift losses are assumed to be 0.001 of the total amount of cooling water that enters the 
tower. According to Martin et al [39], the blowdown losses are equal to: 
𝑚𝑏𝑙𝑑
. =  
𝑚𝑒𝑣𝑝
.
𝐶𝑂𝐶−1
                                                                                                                                 (20) 
𝐶𝑂𝐶 =  
𝐶𝐵(𝑆𝑜𝑙𝑖𝑑 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑎𝑟𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝐵𝑙𝑜𝑤𝑑𝑜𝑤𝑛 𝑊𝑎𝑡𝑒𝑟)
𝐶𝑚(𝑆𝑜𝑙𝑖𝑑 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑎𝑟𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑀𝑎𝑘𝑒𝑢𝑝 𝑊𝑎𝑡𝑒𝑟)
                                                                        (21) 
where COC is the number of cycles of concentrations.   
Finally: 
𝑅𝑎𝑤 𝑊𝑎𝑡𝑒𝑟 𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙 = 𝑚𝑎𝑘𝑒𝑢𝑝 𝑤𝑎𝑡𝑒𝑟 =  𝑚𝑒𝑣𝑝
. +  𝑚𝑏𝑙𝑑
. +  𝑚𝑑𝑟𝑖𝑓𝑡
.                         (22) 
where: 
𝑚𝑒𝑣𝑝
. +  𝑚𝑑𝑟𝑖𝑓𝑡
.  = 𝑅𝑎𝑤 𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛                                                                             (23) 
       4.5. Method of optimization. 
       The first step of the optimization is to simulate the NGCC power plant with its 
integrated units (the cooling system and the PCCC if applicable). This step is very 
important to simplify the optimization algorithm. In other word, instead of calculating the 
objective function’s variables form the first principle and basic equations, these variables 
would be determined already from the plant simulation by using COCO.3.3 software, and 
the deterministic values would be imported directly to the code by which the algorithm is 
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being converted to more simplified form. The plant model has been interfaced with 
Microsoft Excel Workbook where this option has been enabled in the COCO.3.3 software. 
In-house code has been written and developed by using visual basic for application 
language (VBA) and has been interfaced with plant model’s workbook sheet in such a way 
that the calculated physical properties could be imported to the code simultaneously. As 
the outlet hot stream from the condenser (𝑚𝐶𝑜𝑛𝑠−𝑜𝑢𝑡
. ) would be mixed with river’s 
temperature (𝑇𝑖𝑛
𝑟𝑖𝑣𝑒𝑟) to get the final temperature after mixing (𝑇𝑟𝑖𝑣𝑒𝑟
𝑚𝑎𝑥 ) from Eq.(16), the 
conservation of  energy the river water stream should be implemented in the final 
calculation according to Caissie et al [40], Sinokrot et al[41], and Gjorgiev et al [42] as:  
𝜕𝑇
𝜕𝑡
=  −𝑈
𝜕𝑇
𝜕𝑥
+ 𝐷𝐿
𝜕2𝑇
𝜕𝑥2
+
𝑆
𝜌𝐶𝑝𝑑
                                                                                                           (24) 
Where (T) is the temperature (oC) of the river water stream, (t) is the time (s), (U) is the 
river mean velocity, (x) is the streamwise distance (m), (s) is the net solar radiation on the 
water surface (W/m2), (d) is the river depth (m), (𝜌)  is water density (kg/m3), and  (𝐶𝑝) is 
water specific heat (W/kg. oC). DL represents a dispersion coefficient in the direction of 
the flow. 
       Solar radiation is a combination of four solar radiation components according to 
Caissie et al [40] and Gjorgiev et al [41]:  
𝑆 = 𝑆𝑠 + 𝑆𝑙 + 𝑆𝑒 + 𝑆𝑐  
where 𝑆𝑠 is the short-wave solar radiation, 𝑆𝑙 is the long wave solar radiation, 𝑆𝑒 is the 
evaporative heat flux, and 𝑆𝑐 is the convective heat transfer.  
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       For the simplicity of the solution, all solar flux components have been assumed as a 
constant at each constant temperature because the main purpose of this work is to study the 
effect of thermal properties of surface water of the river on the cooling system. 
Furthermore, because meteorological river data have not been implemented in the solution, 
the current study can be generalized for any river or water source that would be used as a 
water source for a cooling system of any plant.          
       In the present study, it has been assumed that the stream temperature is reaching a 
quasi-uniform longitudinal profile. Thus, Eq. (24) would be simplified to:  
𝜕𝑇
𝜕𝑡
=
𝑆
𝜌𝐶𝑝𝑑
                                                                                                                                            (25) 
       Explicit finite difference method is used to solve Eq. (25) numerically where 𝑇𝑟𝑖𝑣𝑒𝑟
𝑚𝑎𝑥   is 
considered as the initial condition for the solution. To solve the simple linear thermo-
algorithm, the NGCC plant simulation with the whole integrated parts if applicable in the 
COCO.3.3 software are initiated using the initial estimated water surface temperature and 
water mass flow rate to the condenser. The resulted thermal data from simulations are 
implemented in the equations from (14-17) and (25) for the once through cooling system 
where these equations work within loop iterations to find the minimum values of water 
mass flow rate by applying the corresponding constraints. On the other hand, equations 
from (19-23) are utilized to find the minimum water mass flow rate for the hybrid cooling 
system. The whole optimizing process has been run by using a handmade written visual 
basic for application code (VBA). Flow chart in the figure below shows the whole process 
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diagram starting from the plant simulation till getting the minimum mass flow rate value 
by solving the optimization function.  
       Caissie et al [40] calculated in his work all solar flux components daily at each water 
surface temperature for Catamaran Brook and Little Southwest Miramichi Rivers, Canada, 
from 1992-1999. In the present study, some of these models would be used where their 
data would be extracted and imported to the optimization model of the present work.      
Run The NGCC plat with 
the integrated cooling 
system and CCS unit
Start the COCO.3.3 
Simulation
Obtaining the Initial set of 
temperature in and out of the 
condenser and initial set of the 
water mass flow rate 
Import the 
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Triver, max
And
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12 and 25)
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Water Mass 
flow rate 
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(Tout, Tin, 
Mass flow 
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End
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Figure 4.5. Flow chart shows the whole process of the optimization model.  
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4.6. Results and discussion. 
4.6.1. Results validation. 
       Results were validated for the base NGCC plant with its integrated cooling system and 
PCCC. The base cooling system for the base plant is a wet tower cooling system. The 
validation was carried out by comparing the results obtained in this study with data from a 
NETL report [43] as shown in Table 4.2. 
Table 4.2. Validation of simulated base NGCC unit, with integrated cooling system and 
PCCC, with referenced NETL report [43]. 
Parameters of Validation NETL Report 
Results 
Simulation Results 
Plant Gross Power without PCCC (MWe) 641 642 
Plant Gross Power with PCCC (MWe) 601 601 
Plant Net Power without PCCC (MWe) 630 629.5 
Plant Net Power with PCCC (MWe) 559 559.45 
Gas LHV efficiency without and with PCCC 38.1 38.1 
Steam LHV efficiency without PCCC 39.1 39.1 
Steam LHV efficiency with PCCC 33.5 33.5 
Net LHV Efficiency without PCCC 57.0 57.1 
Net LHV Efficiency with PCCC 50.6 50.7 
Condenser Duty with PCCC (MWth) 246.66  260.98 
Condenser Duty Without PCCC (MWth) 355.83 373.90 
Raw Water Withdrawal without PCCC 
(gal/min)/MWenet 
4.20 4.26 
Raw Water Withdrawal with PCCC (gal/min)/MWenet 7.20 7.34 
Raw Water Consumption without PCCC 
(gal/min)/MWenet 
3.30 3.32 
Raw Water Consumption with PCCC 
(gal/min)/MWenet 
5.40 5.72 
     
      As it can be seen from Table 4.2, the selected unit parameters predicted by the model 
developed in this study are in the range of the corresponding values in the NETL report. 
However, condenser duties are slightly higher than the corresponding values in the NETL 
report. This is likely due to the property method used to calculate the thermophysical 
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properties in the NETL report, which may be different than the property method used in 
the simulations of the present study. Consequently, the amount of raw water withdrawal 
and consumption of this work are slightly higher than the corresponding values in the 
NETL report.  
4.6.2. Optimization results for the once-through cooling system. 
       In the once-through cooling system, water is extracted from its source and then 
returned back to the source with some degree of heat, causing what is called, “thermal 
pollution,” which affects aquatic life negatively. To mitigate such problem, the temperature 
of the source, a river, should not exceed a specified limit after the returned stream mixes 
with the river discharge. An objective function was developed in this study with a 
constraint to decrease cooling water mass flow rate by the public demand on water and the 
corresponding reduction in energy. In the next sections the results of this optimization are 
extensively discussed. To make these results more applicable, data from the Catamaran 
Brook River, Canada, were utilized, in a similar fashion that was discussed by Caissie et 
al [40].  
4.6.3. Effect of water surface temperature on mass flow rate. 
      The water source surface temperature has a direct relation on the amount of water used 
for cooling in the cooling system. Because it has been assumed in the model that the net 
produced power is constant in time (no ramp up or down), the condenser duty is constant. 
This means that any increase or decrease in the water inlet temperature to the condenser 
would lead to a change in the cooling water rate level. This has also been mentioned by 
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Caissie et al. [40], and Chadwickn [44]. The width and the depth of the river are 0.308 m, 
and 5.7 m respectively. Table 4.3 shows that the discharge and temperature of the discharge 
vary for different months. This is in direct relation to the solar radiance flux and air 
temperature which affect the temperature of the river water surface according to Eqs. (24), 
and (25).     
Table 4.3. Monthly water discharge and related data for Catamaran Brook River, Canada, 
1992 [44] 
Surface Initial 
Temperature (oC) 
Month Discharge 
(m3/s) 
Velocity 
(m/s) 
0 Jan 0.253 0.144 
2 Fab 0.144 0.082 
5 March 0.213 0.121 
8 April 1.13 0.643 
10 Jun 1.43 0.814 
14 July 0.384 0.218 
15 August 0.479 0.273 
13 September 0.5 0.285 
10 October 0.139 0.079 
8 November 0.45 0.256 
 
       Table 4.3. shows the data corresponding to the Catamaran Brook River, Canada for 
1992 [44].  These data were used in the objective function, constraints and governing 
equations where the river condition data and dimensions have submitted in Eqs. (24), and 
(25) by which the cooling water mass flow rate would be optimized. As it can be seen, 
discharge and water surface temperature change monthly leading to a change in the 
optimized design parameter of the cooling system. 
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a) Initial mass flow rate and the optimized (reduced) mass flow rate with PCCC is 
integrated 
  
b) Initial and the optimized mass flow rate without PCCC integration.  
Figure 4.6. (a, and b) Monthly initial and optimized cooling water mass flow rate (kg/s) 
corresponding to data from Catamaran Brook River, Canada in 1992 [40], and [44]. 
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       Figure 4.6. (a, and b) shows monthly expected cooling water mass flow rate and 
condenser outlet temperature for the NGCC power plant for both cases; with and without 
PCCC. These results were obtained by importing environmental 1992 data from the 
Catamaran Brook River, Canada, [40-44] into the optimization model. It can be seen that 
the optimization model provides cooling water mass flow rates at a reduced rate than the 
initial levels during the entire seasonal variations throughout the year and for both cases, 
with and without integrating PCCC. Additionally, condenser outlet temperature varies 
inversely than the cooling water mass flow rate. This is due to the fact that constant values 
were assumed for produced power, capacity factor and condenser duty in the model 
formulation of the present study. Consequently, any changes in cooling water mass flow 
rate leads to opposite response in condenser outlet temperature according to Eq.14. The 
resulted mass flow rate and temperature gradients throughout the entire year are consistent 
with the monthly water surface temperatures as it can be seen in Figure 4.7. Furthermore, 
condenser outlet temperature should be changing within restricted limits to avoid the 
unfavorite changes in the river temperature even if these changes are minors.     
 
Figure 4.7. Monthly water surface temperature (k) for Catamaran Brook River, Canada in 
1992 [40], and [44]. 
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4.6.4. Model results for the indirect dry and wet hybrid cooling system (IDACT). 
       In the hybrid indirect dry and wet cooling system (IDACT), wet and indirect dry 
cooling systems are connected in parallel, in such a way that the LP stream that exits from 
the LP turbine is split between both cooling systems. In this section, parametric study and 
sensitivity analysis results are discussed regarding the effect of the air to water ratio, 
ambient conditions (ambient temperature and humidity), and cycles of concentrations 
(COC) on raw water withdrawal and consumption of the wet tower part of the evaporative 
cooling system at different cooling load split factors, and for both with and without PCCC.  
4.6.4.1. Parametric study and sensitivity analysis. 
         The parametric impact on water withdrawal and consumption is discussed in this 
section for the parallel-connected indirect dry and wet hybrid cooling system (IDACT). 
The Air to water ratio at the cooling tower, the ambient wet bulb temperature and humidity 
content, and the number of cycles of concentrations are the parameters which were 
investigated on their impact on water requirement for the hybrid cooling system.  
         Figure 4.8. (a, and b) shows the effect of air to water ratio at the cooling tower, in the 
wet system part of the hybrid cooling system, on water withdrawal and consumption, 
respectively. Figure 4.8. shows the effect of air to water ratio on water requirement at three 
different cooling load split fractions; 0.4, 0.6, and 0.8, in terms of the contribution of the 
wet cooling system part and comparing the contribution of the indirect dry cooling system 
part. The effect on cooling tower outlet temperature, resulting from changing the amount 
of water withdrawal and consumption is also shown on the figures. It is seen that increasing 
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the air to water ratio leads to an increase in the amount of both water withdrawal and 
consumption. Increasing water consumption as a result of increasing air to water ratio 
comes from the fact that more water absorption is required to saturate the increased amount 
of air. In the same context, because the heat duty of the tower and the inlet temperature to 
the tower are constant, the increase in consumed water leads to a reduction in tower outlet 
temperature as shown in the Figure 4.8. and according to Eq. 7. The relationship between 
tower water losses and air to water ratio is expected and consistent with findings reported 
by Ataei et al. [15]. Furthermore, it can be inferred that by increasing the contribution of 
the wet cooling system in the cooling process, it leads to increased water losses, as 
expected.    
a) Raw water withdrawal versus air to water ratio. 
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b) Raw water consumption versus air to water ratio 
Figure 4.8. Effect of air to water ratio on water usage (gal/min)/MWnet; a) raw water 
withdrawal, b) raw water consumption. 
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duty is constant, the water losses associated to this latent heat are reduced. The tower outlet 
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water losses. As it can be seen from Figure 4.9. (a and b), an increasing cooling loading 
split fraction, in regard to the contribution of the wet cooling system in the entire cooling 
load share leads to an increase in the amount of water usage, which is also consistent with 
the results shown on Figure 4.8.     
 
a) Raw water withdrawal versus air wet bulb temperature. 
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b) Raw water consumption versus air wet bulb temperature.  
Figure 4.9. Effect of air wet bulb temperature on water usage (gal/min)/MWnet; a) Raw 
water withdrawal, b) Raw water consumption. 
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a) Raw water withdrawal versus humidity content. 
  
b) Raw water consumption versus humidity content. 
Figure 4.10. Effect of humidity content on water usage (gal/min)/MWnet; a) Raw water 
withdrawal, b) Raw water consumption. 
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       Figure 4.10. (a and b) show the effect of the humidity content of air accessing the 
cooling tower on water withdrawal and consumption and resulting tower outlet 
temperature. These results show that increasing the humidity content leads to decrease 
water losses in the wet tower. This comes from the fact that increasing humidity leads to 
reducing the amount of water that could be taken by air to reach saturation conditions. As 
a result, the removed latent heat from the hot water and the corresponding water losses are 
reduced. The tower outlet temperature also increases as the humidity content increases for 
the same reasons mentioned in Figures 4.8. and 4.9. As humidity content increases, the 
increase in the wet system cooling load split factor leads to increased water requirements 
in the system. 
Figure 4.11. Effect of number of cycles of concentration on raw water withdrawal and 
consumption. 
       Figure 4.11. shows the effect of the number of cycles of concentration on raw water 
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by increasing the number of cycles of concentration than water consumption because that 
water withdrawal is a combination of blowdown and evaporated losses where the 
blowdown losses are strongly depended on number of cycles of concentrations while the 
evaporated losses is weekly dependent on it according to Eqs. (20), (22), and (23). 
Additionally, Figure 4.11 shows that after 5-6 cycles of concentration the change in water 
losses would be insignificant.       
4.6.4.2. Effect of PCCC’s reboiler duty and carbon capture on water requirements 
and power penalty.  
       In this section the impact of PCCC’s reboiler duty and carbon capture rate on 
condenser duty, power penalty, and water withdrawal and consumption are discussed for 
the IDACT hybrid configuration. 
Figure 4.12. Plant net cooling duty, including PCCC heat duty and reboiler heat duty at 
different carbon capture rates.  
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Figure 4.13. Power penalty and raw water withdrawal and consumption at different 
carbon capture rates.   
        
       Figure 4.12 shows the impact of reboiler duty and the consequent increase in plant net 
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by J. Szuhanszki et al. [45]. This is due to the fact that the heat that is being used in the 
reboiler is required for three objectives: first, increasing the temperature of the solvent to 
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carbon capture rate would lead to an increase in waste heat that should be cooled down by 
the cooling system. 
       Figure 4.13 shows power penalty, and water withdrawal and consumption at different 
capture rates. It was explained that the trend in water withdrawal and consumption is 
directly related to the reboiler and net cooling duty, as shown in Figure 4.12. Because the 
power penalty of the closed cooling system is much lower than the penalty of the dry 
cooling system, where the consumed power in the air fan of the dry system is much higher 
than the consumed power in the water pump of the closed cooling system, the increase in 
the reboiler duty and carbon capture rate would slightly impact  the power penalty by using 
the dry cooling system.  Most of the PCCC waste heat is removed by using a closed cooling 
system in the present study.   
4.5. Conclusions        
       An optimization model was developed in this study to explore ways to decrease water 
withdrawal and consumption in the cooling system of a NGCC power plant. The developed 
model was developed for two configurations open-through, and hybrid indirect dry and wet 
cooling systems. The effect of PCCC on water requirement was implemented in the 
optimization model objective function. Thus, the main novelty of the present work includes 
adding the effect of carbon capture and testing the model on the hybrid indirect dry and 
wet cooling system. The COCO Software was employed to perform the simulations of the 
power plant with its integrated cooling system and PCCC. A code was developed by using 
Visual Basic for Application language to solve the model where all the data of the 
simulation were imported to the written code by enabling an Excel Workbook sheet in the 
121 
 
software. A novel simple thermo-algorithm was developed by the code to find the final 
feasible solution. For the once-through cooling system, 1992 monthly data from the 
Catamaran Brook River, Canada, were utilized in the optimization model, while for the 
hybrid system, a parametric study was performed to find the most feasible solution 
regarding the effect of air to water ratio accessing the cooling tower, ambient air wet bulb 
temperature, humidity content, and number of cycle of concentrations at three different 
cooling load split fractions, 40, 60, and 80%. The impact of carbon capture rates and 
reboiler duty on plant net cooling duty and water usage, with integrated hybrid cooling 
system was investigated too.   
       Results show that the optimization model works well for the once-through cooling 
system where all the monthly initial setting of the cooling water mass flow rate decrease 
for both cases, with and without integrating PCCC. It has been found that increasing air to 
water ratio leads to increase water losses in the system where more air needs to be saturated 
by absorbing additional water.  In contrast, increasing ambient air wet bulb temperature 
and humidity content lead to reduced water withdrawal and consumption in the system 
because of reducing the latent heat removal as a result of decreasing the driving temperature 
difference. Increasing wet system cooling load fractions lead to increasing water losses in 
the system. When the number of cycles of concentration increases, water withdrawal and 
consumption decrease. In conclusion, 60% is a suitable cooling load fraction for the wet 
cooling system.  On the other hand, after the number of cycles of concentration reaches 5-
6 cycles, there is no significant change in water usage losses. Thus, 5-6 is the best number 
of cycles of concentration, and even though going further leads to more reduction in the 
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losses, the increase in the cycles of concentration requires more waste water treatment and 
consequently more power penalty.   
       Finally, it is recommended for future work to investigate the effect of the streamwise 
distance, depth of river, and water stream velocity on the optimal cooling water flow rate 
for the case of once-through cooling retrofitting.    
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5. Conclusions and future Works. 
       Reducing water requirements in power plants is a major global concern. In the US, the 
total water withdrawal as a cooling water for thermoelectric power plants is about 45% [1]. 
The thermoelectric power plants produce 90% of the the total generated power in the US 
[2]. The PCCC integration to power plants is necessary to remove CO2 form the gas exiting 
the stack for mitigating the negative impact of CO2 on the environment. The PCCC 
integration doubles the amount of water usage by the power plants [3,4].  One of the 
solutions to reduce the impact of adding PCCC unit on plant’s water requirements is using 
NGCC instead of using coal-fired power plant because it was demonstrated from the NETL 
report in 2009 [5] that NGCC consumes half the amount of the water of coal-fired power 
plant in addition to producing half the amount of the CO2 of the coal-fired power plants.  
5.1. Conclusions. 
       Reducing raw water withdrawal and consumption in NGCC power plant equipped with 
PCCC unit has been investigated in the present work using various methods. Studying the 
effect of using different configurations of hybrid cooling system on water withdrawal and 
consumption and the related power penalty is one of the significant contributions of the 
present work. Two configurations based on dividing the outlet hot cooling water from the 
condenser between the wet tower and dry cooling system in a parallel connection (ACTD) 
and series connection (ACTS) and another two configurations based on dividing the LP 
streams exiting the LP turbine between the wet and dry direct (DACW) and indirect 
(IDACT) cooling systems in a parallel connection are considered. The most viable design 
has been compared with other conventional cooling systems - once-through system, dry 
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direct and indirect systems, and the closed-loop cooling system. This investigation has been 
conducted with and without integrated PCCC unit with the NGCC plant for all the proposed 
configurations and the conventional cooling systems. Simulations have been performed by 
using the open source COCO software. It has been shown that the IDACT configuration is 
the best hybrid cooling system regarding to the water saving and power penalty reduction 
without integrated PCCC unit. It accounts for 2.04 (gal/min)/MWnet, 1.57 (gal/min)/MWnet, 
and 12.29 MW for water withdrawal, water consumption, and power penalty. Although the 
water usage by the IDACT design when PCCC being integrated is not the lowest 
comparing with the other considered hybrid configurations, IDACT is still the best since 
the consumed power penalty by this design is much lower than the consumed power by the 
other hybrid configurations. It has also been demonstrated that the integration of PCCC to 
the NGCC plant doubles the amounts of water usage for all the proposed hybrid system 
configurations and the conventional cooling systems. This conclusion is consistent with 
works form literature [6,7]. Another conclusion of this study is that adding PCCC unit 
produces amounts of water in the DCC unit of the PCCC by condensing the vapor content 
in the gas streams by which the net water usage would be reduced although that this amount 
is not significant. The economic feasibility has not conducted in the present work. 
However, depending on finding of Zhai & Rubin [4] and Balogh & Szabo [8] regarding 
the DACW and IDACT configurations, it has been expected that ACTD and ACTS are the 
most feasible designs economically because the stream which should be cooled is a hot 
liquid water not a mixed saturated water as in the DACW and IDACT designs. This result 
is anticipated as the net maintenance and operation cost of the liquid stream is much lower 
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than that of two phases stream. The vapor phase causes a continuous corrosion in the piping 
system, and thus increases the maintenance cost. 
       The second thrust of the present study is to conduct an optimization study to reduce 
water requirements in the once-through and the hybrid (IDACT) configuration cooling 
system in the NGCC power plants. An in-house code has been developed by using Visual 
Basic for Application (VBA) language to perform the optimization study and has been 
integrated with COCO software. When once-through cooling system is being retrofitted, a 
real river data should be implemented in the model, therefore, Catamaran Brook river, 
Canada, data in 1992 has been used to be included in the objective function. On the other 
hand, for the hybrid cooling system, sensitivity analyses and parametric study has been 
performed to investigate the developed objective function on water requirements. Air to 
water ratio, humidity content, ambient air wet bulb temperature, and number of cycles of 
concentrations are the parameters which have been studied regarding their effect on water 
withdrawal and consumption and tower outlet temperature at three different wet system 
cooling load split factors; 40%, 60%, and 80%. The original contribution of the present 
work is to include the effect of the PCCC unit in the optimization model of cooling systems. 
A simple thermo-algorithm has been utilized and performed to solve the optimization 
model.   
       In conclusion, it has been demonstrated that the mass flow rates of coolant have been 
reduced by using the developed optimization model for both cases with and without 
integrated PCCC unit. Regarding the sensitivity analysis when the hybrid cooling system 
is being retrofitted, it has been concluded that increasing air to water ratio leads to increase 
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water losses exponentially in the wet tower and decrease the outlet stream temperature of 
the tower as being expected since the increase of ratio increases the air amount which 
consumes more latent heat to be saturated at the tower exit causing more evaporated losses. 
In contrast, increasing the humidity content and the ambient air temperature causes a linear 
decrease in the water losses and linear increase in the tower outlet temperature as a result 
of reducing the removed latent heat from the cooling tower. Furthermore, it has been 
concluded that five to six (5-6) cycles of concentration is the best number to be used for 
the water blowdown losses as there is no significant reduction in water losses after this 
threshold in addition to the increase in the cost of water treatment if the number being taken 
over. Finally, when reboiler duty and capture rate of the PCCC increase, the condenser 
duty, the water losses, and the power penalty increase. On interesting finding is that after 
wet system cooling load split factor approaches 60%, there will be no significant change 
in the net water usage as a result of reducing power penalty.  
5.2. Recommendations and future works. 
       It is recommended to optimize the cooling system network in such a way that the whole 
thermal energy content of the LP turbine exit stream would be exploited whether for 
generating a power or to be used for steam generation in the reboiler of the PCCC unit 
instead of removing it by consuming a cooling water. One of the suggestions for the future 
work is extracting the heat of the gas fuel entering the absorber by using gas/cooling water 
heat exchanger for generating new low-pressure and low-temperature steam that can used 
for generating a power or for steam generation in the reboiler.  
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       As a suggested future work and recommendation for the developed optimization 
model, it is proposed to study the effect of the streamwise distance, depth of river, and 
water stream velocity on the optimized cooling water flow rate when once-through cooling 
system is being retrofitted. Additionally, it is recommended to implement optimizing the 
cooling system network within the cooling water optimization model as a future work. The 
effect of the dynamic power system is strongly recommended because this represents a real 
case power plant. In this context, ramp up and down, full or partial load, and the maximum 
and minimum power constraints must be implemented in the developed optimization 
model.   
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